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ABSTRACT 
The thermodynamic acidity constants of p-tert-butyl-
phenol, eight 4-substltuted-2,6--dlmethylphenols, seven 4-
substltuted-2,6-dlchlorophenols5 six 4-substltuted-2,6-
dlbromophenols, 4-nltro-2,6-dllodophenol, and 4-formyl-2 5 
6-dlmethoxyphenol have been measured over a wide range of 
temperature using an e.m.f./spectrophotometrlc technique. 
The thermodynamic functions AG° , AH° , and AS° of proton 
25 25 25 
Ionisation have been calculated using the Clarke and Glew 
procedure. 
Constant 2,6-dlsubstltutlon within the phenol series 
In no way destroys obedience to the simple Hammett equation, 
however, the ortho-effect of this substitution Is not 
constant throughout any of the hindered phenol series. 
Increases In Hammett p-values of about 20^ In each of the 
hindered series compared to that for the parent non-hindered 
series has been Interpreted as being due mainly to sterlc 
Inhibition of solvation. The thermodynamic quantities of Ion-
isation are believed to be controlled by one dominant substit-
uent Interaction mechanism. Substituent electronic effects 
bring about changes In the electron distribution of both the 
molecule and Its anion and these changes are responsible for 
modifications In the solute-solvent Interactions, which are 
mirrored mainly In the entropies of Ionisation. Hepler's 
dichotomised enthalpy-entropy approach has been used to 
Iv 
explain the relatively simple relationship between 
free-energies of ionisation and the electronic effects of 
the para-subStituents. 
Evidence is given for the isoequilibrium behaviour 
of each of the four series of hindered and non-hindered 
phenols. Thermodynamic quantities from the four series 
have also been analysed in terms of several dual 
substituent parameter equations. The results indicate that 
the substituent field/inductive and resonance effects are 
of com.parable importance in the ionisation process of the 
phenols of this study. 
Various dual and triple substituent parameter 
equations have been used to investigate the thermodynamic 
quantities of ionisation of thirty seven mono- and di-
ortho-substituted phenols. These statistical analyses 
strongly suggest that for the reactions under study steric 
effects are small compared with electronic effects and the 
latter play the dominant role in the ionisation process 
of hindered phenols. 
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CHAPTER 1 
OBJECTIVES 
Studies on the ionisation of organic acids have long 
been made in attempts to elucidate the problem of how 
structural changes of reactant molecules modify their 
chemical reactivity. Since phenols undergo proton 
ionisation in a convenient aqueous pH range^ they and the 
benzoic acids have been used extensively in the development 
of both qualitative and quantitative theories of substituent 
effects. Not only have their acidity constants been used as 
reference points for empirical linear free-energy relation-
ships, but in recent years considerable work has' been 
carried out also on the determination of the thermodynamic 
functions of ionisation of many phenols. 
It is now well accepted that when substituent changes 
are made at points remote from the reaction centre the 
resulting changes in chemical reactivity are governed by 
the operation of substituent induced effects on the 
electron density distribution within the molecule. These 
electronic effects control not only reactivity changes 
within the molecule but also associated solute-solvent 
interactions. When the structural changes are sufficiently 
close to the reaction centre to introduce "proximity" 
effects then our understanding is less advanced.^ 
The systematic accumulation of thermodynamic data for 
the Ionisation of selected ortho-substltuted organic acids 
should aid In the Interpretation of ortho-effects and the 
development of theories to satisfactorily unravel the 
complex Interplay of the numerous contributing substituent 
Interaction mechanisms. This project has been directed 
toward this end. In that determinations have been made of 
reliable thermodynamic quantities for the Ionisation of 
systematically selected para-substltuted-2,6-dl-ortho-
substltuted phenols. In addition, these and other data for 
selected phenols have been analysed using the correlation 
procedures which find the widest acceptance at the present 
time . 
These analyses have been specifically aimed at 
Investigating the effects of constant dl-ortho-substitutIon 
on the thermodynamic quantities of Ionisation, and 
secondly, the relative Importance of contributions from 
electronic and sterlc effects towards the overall ortho-
effect on the same Indices of chemical reactivity. 
CHAPTER 2 
THE E.M.F./SPECTROPHOTOMETRIC METHOD 
Concept of pH 
The equilibrium reaction for the ionisation of a weak 
monoprotic acid HX in water may be written as 
HX + H^O < X" + Ĥ O"̂  (2.1) 
T 
for which the thermodynamic equilibrium constant is 
given by 
^X ^H 0 
K^ = ^ (2.2) 
^ H^O ^HX 
where the a*s are relative activities of the indicated 
species. Charges have not been used in equations to 
simplify symbols. Since this work was done on dilute 
solutions of HX in water, the activity of water in 
solution is virtually constant and equal to the activity 
of pure water.^ Equation (2.2) can be rewritten combining 
k"̂  and a^ n "to give the acidity constant K for HX : 'Ĥ O 
^X ^H^O 
K = 1- (2.3) 
^ ^HX 
From equations (2.3) we obtain 
pK^ = paH - log ^ ̂ (2.4) ĤX 
where paH = - log â ^ q 
Equation (2.4) reveals that acidity constants could be 
determined for weak monoprotic acids if the relative 
activities of the acid HX and anion X"" were determinable 
in a solution of known acidity. Measurement of the acidity 
of solutions has been the subject of a great deal of work. 
One such worker was the Danish chemist Sjzirensen, who in 
1909 published papers^ on the unique influence of the 
hydrogen ion concentration on biochemical reactions. He 
also proposed the "hydrogen ion exponent" which came to be 
symbolised by p H , and set up standard methods for the 
determination of hydrogen ion concentrations by both 
electrometric and calorimetric means. pH was originally 
defined as the negative logarithm of hydrogen ion concent-
ration but this has now been designated pcH: 
pcH = - log Cĵ  = - log(H^O) (2.5) 
Sizirensen was not measuring actual hydrogen ion concentrat-
ions but something which in a complex way depended on the 
hydrogen ion activity. He measured the electromotive force 
of galvanic cells, such as 
H^jPtIbuffer X KCl 
salt bridge 
0.1 N calomel electrode. 
and attempted to eliminate the liquid junction potentials 
by an extrapolation procedure. Since S^rensen considered 
the e.m.f. to be proportional to the hydrogen ion 
concentration the difference in cell e.m.f. for different 
solutions X^ and X^ was interpreted as measuring the ratio 
- = ̂ ^-jwr 
of hydrogen ion concentrations in solutions: 
(H}_ 
1 
In establishing a pH scale, Sjẑ renson took a dilute 
hydrochloric acid solution as a standard solution of known 
hydrogen ion concentration. He considered that the 
concentration of hydrogen ion in such a solution was given 
by aC, where C was the concentration of hydrochloric acid 
and a was a degree of dissocation determined by conductance 
measurements. 
Several theorectical objections to this procedure have 
been realised:'^ (i) Extrapolation procedures do not reduce 
the liquid junction potential of the cell to zero; (ii) 
the modern form of equation (2.6) is written in terms of 
activities; (iii) the concentration of hydrogen ion in 
dilute hydrochloric acid is C rather than ac. 
When a fuller understanding of electrolytic solutions 
and the concept of thermodynamic activity became 
established, it was recognised that the e.m.f. of a 
galvanic cell reveals changes in activity of the hydrogen 
ion rather than concentration. So a nev7 pH scale, termed 
paH, was defined as: 
paH = - log a^ = - log(H)y^ (2.7) 
If we consider the galvanic cell, then the e.m.f. is given 
by E = ^^^^^ + ^2.8) 
From equations (2.7) and (2.8) we obtain 
paH = ^ 
where 
a^ = activity of hydrogen ion in buffer X 
a^^ = activity of chloride ion in 0.1 M potassium 
chloride 
E. = algebraic sum of the two liquid junction J 
potentials 
= cell e.m.f. of a hypothetical cell in which 
An exact value of paH is not open to experimental 
determination for two reasons. Firstly, the product 
cannot be measured directly since â ^ is the activity of 
the hydrogen ion in buffer X, and a^^ is the activity of 
the chloride ion in the solution of potassium chloride in 
contact with the calomel electrode. Secondly E. cannot be J 
determined rigorously. 
Due to the limitations of the theoretical pH scale and 
the importance of having a recognised scale of acidity, 
standardising groups throughout the world have endorsed a 
practical, or operational scale of pH. A pH measurement is 
made by substituting a standard buffer for the unknown 
buffer X and then comparing the pH of the unknown with the 
pH(S) of the standard, according to equation 
(E - Eg)F 10) 
pH = pH(S) + 
The value of pH(S) is determined by making measurements in 
cells without liquid junction, such as 
E^, Pt I solution |AgCl, Ag 
and making assumptions about activity coefficients so as 
to make pH(S) represent as nearly as possible -log â .̂ 
For this purpose the National Bureau of Standards (N.B.S.) 
U.S.A., has adopted standard values of pH(S) for a series 
of buffers covering wide pH and temperature ranges. These 
reference solutions are described by Bates.^ 
Operational buffers of the type above often meet all 
practical requirements and are therefore immensely useful. 
Both the pH(S) and pH values can be evaluated only with the 
aid of non-thermodynamic conventions. However, in the 
measurement of thermodynamic equilbrlum data it is 
necessary to have available an experimentally determined 
measure of acidity with precise thermodynamic meaning. 
Guggenheim^ and Hitchcock^ pointed out the advantages of 
such an acidity function, which has been named pCa^^y^^). 
The term "acidity function" is used for an experimental 
or operational quantity with exact thermodynamic meaning, 
and whose value is a measure of the acidity of the medium. 
The N.B.S. has established primary standards of pH on the 
measurements of this acidity function. The N.B.S. also use 
the function as the basis for the calculation of the 
dissociation constants of weak acids and bases. 
The acidity function P^^HTQ]^) is defined as: 
= - log (mp^Y^Y^^), 
and can be determined from electromotive force measure-
ments of cells of the type: 
H^, Pt Ibuffer solution containing chloride|AgCl,Ag 
The equation used In the calculation of the acidity 
function Is: 
E - E ° 
P^^H^Cl^ = 2.30259RT/P + log m^^ (2.11) 
Values for pCa^^y^^) used In this work have been 
tabulated by Bates and Gary,® and Staples and Bates^ for 
various buffer solutions covering the acidity function 
range of 2 to 12, over wide ranges of temperature and Ionic 
strengths. 
Bates and Schwarzenbach^® showed how pCa^^y^^) could 
be used In conjunction with spectrophotometrlc measure-
ments to determine accurate dissociation constants of 
uncharged acids with appropriate spectrophotometrlc 
behaviour. 
SPECTROPHOTOMETRIC METHOD: 
Acidity constants of uncharged acids HX may be 
determined by spectrophotometrlc measurements If the 
spectral absorptions of the molecular species (HX) and the 
Ionic species (X) differ sufficiently to permit the ratios 
of the concentrations of these forms In solution to be 
established accurately.This can be achieved by addition 
of the acid to a buffer solution of known acidity. The use 
of buffers of known acidity function necessitates the 
substitution of P^^-^YQJ) Into equation (2.10), which then 
becomes: 
= P^^H^Cl) - + log Y d (2.12) 
nA 
which can be rewritten in the form 
P^a = P(-H^Cl) + ^ (2.13) 
where the m's represent the molal concentrations of the 
species involved, and the y's the activity coefficients on 
the molal scale. 
For acids of this charge type the last term in 
equation (2.13) approximates to zero. In solutions of low 
ionic strength (I < 0.1) the activity coefficients of all 
ions of the same charge are very nearly identical (i.e. 
Yqi - 1), and the activity coefficients of the uncharged 
species approximate to unity (i.e. ŷ ^̂  -
Confirmation of these approximations is obtained by show-
ing the constancy of the acidity constant over a range of 
ionic strengths. Bolton and coworkers have shown 
that this is true for phenols in solutions of ionic 
strength less than 0.15. Therefore equation (2.13) reduces 
to: 
= P(^H^Cl) ^ 
^HX 
To obtain the ratio using absorption 
spectrophotometry, the spectrum of the pure molecular 
species (absorbance Â )̂ is compared with that of the pure 
ionised species (absorbance A^). The wavelength is chosen 
at which the greatest difference (Aj-A^) between 
absorbances of the two species is observed. The spectrum 
of the acid HX in a buffer solution of known acidity is 
then observed at the chosen wavelength. The absorbance (A) 
in the buffer solution is due to the sum of the component 
absorbances of the molecular and ionic species. 
Absorbances of either component is related to its molal 
concentration m by the expression A = etm, where e is the 
molal extinction coefficient and t is the optical path-
length of the cell. 
The concentration of the molecular species m̂ ^̂  in the 
buffer solution is proportional to the difference A^ - A. 
Similarly, the concentration of the ionic species m^ is 
proportional to the difference A - Â ^̂. Hence the express-
ion: 
Aj- - A 
m^ - A - Aj, 
Acidity constants for the equilibrium ionisation of 
weak monoprotic acids HX are calculated using the equation 
P^a = P^^H^Cl) + 
It is of importance that buffers selected: 
(i) should have pCa^^y^^) ^ pK^ of the acid for best 
results, with a maximum difference of 1 unit between 
the two functions; 
(ii) should not absorb light at the chosen wavelength of 
study for the determination of absorbances of the 
molecular and ionic species. 
Acidity constants determined in this way need a small 
correction to the acidity function value to allow for the 
small change in the acidity of the solution arising from 
the ionisation of the subject acid. Robinson and Kiang^^ 
have described a correction procedure for this effect. 
Though it is not a general procedure, it has found 
extensive use in studies on the ionisation of phenols. 
Bolton and Hall^® derived a completely general 
computer-orientated correction procedure for all acid-base 
systems in buffers. Their method has been applied to all 
phenols studied in the present work. 
The buffer composed of sodium bicarbonate and sodium 
carbonate® (both concentration m) was the one most 
frequently used and it will be considered here to 
illustrate the correction procedure for the buffer. 
The two sim.ultaneous equilibria which hold are: 
H^CO^ + H2O < HCO^ + H^O 
and HCO^ + H^O < CO^ + H^O 
These equilibria have acidity constants 
"•HCO, "H 
K^ = ^ (2.16) 
^ '"H2CO3 
"CO, "H 
= -TfT^ (2.17) ""hco^ 
•The known stoichiometric concentrations of the buffer 
components give 
= + ""HCOg + "CO^ <2.18) 
and the equation defining the condition of electro-
neutrality gives 
+ "'Na = '"HCOg ™C03 + "oh (2.19) 
which can be rewritten 
^H ^ = ^-Hco, ̂  "^co, ^ E;: 
Equations (2.l6),(2.17),(2.l8) and (2.20) are a set of 
simultaneous equations in four unknowns which can be 
rearranged and rewritten into the following computable 
sequence: 
("̂ H + 2m -
"cOg ° mĵ  + 2K2 
'"hco, = 1 
"hco, "H 
ZERO = m + m^^^ + nn ~ 2m CO3 HCO^ H^CO^ 
From the acidity function of the buffer an initial value of 
m^ was obtained, and this value was varied by an iterative n 
process until the four equations were self-consistent. The 
calculated value of m^, called H^, is the equilibrium 
value of the hydrogen ion concentration of the pure buffer 
under the particular conditions of temperature and ionic 
strength. 
Addition of a small amount of acid HX (concentration 
m^) to the buffer system alters the hydrogen ion con-
centration to a new value called H^. Calculation of H^ 
has to satisfy the above four equilibria in conjunction 
with the new equilibrium: 
HX + H^O < X" + Ĥ O"̂  
for which the acidity constant is 
"̂ HX 
The five following simultaneous equations lead to the 
value H^ of the new hydrogen ion concentration. 
mĵ ^ = A H 
^^H ^ 2m + mĵ ^ - — ) 
ZERO = m^o^ + mj^^o^ + m^^^^O^ - 2m 
The initial value of m̂ ^ is taken as H^ and subjected 
to similar iterative processes as before to obtain H^. 
The difference of H^ - H^ gives the correction to be 
applied to the acidity function. 
REASONS FOR CHOOSING THE E.M.F. - SPECTROPHOTOMETRIC 
METHOD IN THIS PROJECT 
It is not intended that this thesis should delve 
into the advantages and disadvantages of the various 
methods of determining thermodynamic functions of 
ionisation. Such analyses have recently been made by 
Cookson,^^ Fleming^® and a useful practical manual^^ is 
commercially available written by Albert and Serjeant. 
Nonetheless there are pertinent reasons for the choice 
of the e.m.f./spectrophotometric method for the present 
work. The following is but a brief summary of those 
reasons : 
(i) Acidity constants are calculated using a formula 
(equation (2.15)) involving data determined by 
spectrophotometry and acidity functions which are 
readily available. These functions are tab-
ulated®'^ for buffers covering several low ionic 
strengths, a wide range of pH, and temperature 
ranges extending from 0 to to 50°, to 60° 
or to 95°. pK values between -0.5 and 11.0 a 
calculated by this method have a possible pre-
cision of ± 0.001 in pK^. 
cL 
(ii) High molal extinction coefficients of aromatic 
acids or bases make the method well suited to 
such compounds possessing low solubility in 
water. Exact solution concentrations need not be 
known, but it is essential that there are 
identical concentrations in the pure molecular, 
pure ionic, and the buffer solutions. 
(iii) The purity of the acid or base under investigat-
ion is not as critical as for most alternative 
methods, provided any impurity present does not 
absorb at the chosen wavelength. In solutions of 
- 4 
10 m, a 1% impurity has a negligible effect on 
solutions of ionic strength between 0.01 and 0.1 
Principal sources of error in the method lie in 
obtaining the absorbance readings and in solution prep-
aration. The former depends largely on the design of the 
spectrophotometer5 and fluctuations in the power to the 
machine. The latter can essentially be eliminated by care-
ful choice of buffer solutions and the exercise of care in 
experimental procedures for solution preparation. 
CHAPTER 3 
THERMODYNAMIC FUNCTIONS 
Preliminary Aspects 
Thermodynamics is the science of heat and temperature 
and the laws governing the conversion of heat into other 
forms of energy. It is both the strength and weakness^^ of 
thermodynamics that the relationships based upon it are 
completely independent of any microscopic explanation of 
physical or chemical phenomena. The strength is that 
thermodynamic relationships are not affected by the 
changes to which atomic, and molecular explanations are 
subject even today. Of course, conclusions of atomic and 
molecular theories must not contradict those of thermo-
dynamics, and so thermodynamics can be used as a guide in 
the development of microscopic theories. 
The weakness is that thermodynamics does not provide 
the deep insight into chemical and physical phenomena that 
is afforded by microscopic models and theories. 
Enthalpy 
Any system under thermodynamic consideration has 
energy (E) as a characteristic property. The energy, E, 
is a summation of all kinetic and potential energies of 
that system.^^For a chemical system the kinetic energy 
arises from translation and rotation of molecules, the 
vibration of atoms within molecules and the motion of 
electrons. The potential energy originates in the 
electrical attraction and repulsion of the sub-atomic 
particles of the molecules. In part, the potential energy 
of a molecule depends on the relative positions of the 
electrons and nuclei of the various atoms that make up the 
molecule. When two molecules react to form a third, the 
atoms are rearranged, and their electrons are placed 
differently relative to the nuclei, and so the potential 
energy of the products differs (usually) from that of the 
reactants. The breaking and making of bonds and the 
reshaping of molecules in the chemical reaction varies 
the vibrational, rotational, translational and electronic 
energies of the molecules. So for any chemical process, 
going from the initial to final state, there is a change 
in energy (AE) seen as evolution or absorption of heat plus 
work done by the system as either work done in expansion, 
say, in pushing back the atmosphere, or as electrical work. 
This is written as 
AE = E^ - E^ where AE : is change in 
energy going from the 
initial to final state. 
AE = q - W q : heat absorbed by 
the system. 
i . e . q = A E + W W : work done by the 
system. 
The quantity q is given the symbol H, and named the 
heat content or enthalpy of the system. 
H = E + PV 
AH = AE + PAV 
In a chemical reaction at constant pressure, the 
enthalpy change is a measure of the heat associated with 
that reaction. The heat evolved or absorbed for the process 
arises from the work done by the system and the change in 
the kinetic and potential energies going from the initial 
to final state. In solution, the work done by chemical 
processes in expansion is minimal. Thus, the enthalpy for 
the ionisation of phenols is a sum of the energies 
involved in breaking the 0-H bond, and the hydration 
energies of the various species produced. 
Entropy 
Two factors contribute to the entropy of particular 
molecules, at a given temperature: positional and motional 
randomness. The former depends on the state, whether it 
be gas, liquid, solution or solid, whereas motional 
randomness depends on the number of degrees of freedom, 
being translational, rotational, and vibrational, and their 
energy spacing. 
Entropy is best understood in terms of the probability 
of the system. The probability (P) of the state of the 
system is dependent on the distribution of energy among 
its molecules (motional randomness) and on the distribution 
of its molecules in space (positional randomness). A 
definite number, say P, can be assigned to the probability 
of a given state relative to a standard state. The entropy 
is then defined as 
S = k InP k: Boltzmann constant 
There is a natural tendency for any system to change 
to states of higher probability, that is, those states 
with larger P values. In a spontaneous process, therefore, 
molecules tend to move to the most probable positional 
and motional randomness. In other words, given freedom, 
molecules find the state of greatest randomness. 
Our present definition of entropy may be helpful to 
the understanding but it is not applicable to experimental 
work. For a reversible reaction, the entropy change (AS) 
is defined as the reversible heat absorbed (q^^^) divided 
by the absolute temperature (T). 
AS = 
Structural or environmental changes which affect the 
motional energies of molecules also affect the entropy of 
the system. Constraints on molecular motion decrease 
entropy. Interactions between solute and solvent introduce 
vital influences on the outcome of chemical reactions in 
solutions because of the major role they play in deter-
mining the entropy of the system. Pimental^^ lists thermo-
dynamic data for several ionic reactions, of which two 
reactions in aqueous solution are: 
^°kcal/mo]e cal/mole degK AG° kcal/mole 
(i) NH^ + HF = NH^ + F~ -14.8 -24.0 -8.35 
(ii) 0H~ 4 H^ = H^O -13.3 +19.3 -19.1 
He explains that these reactions involve identical numbers 
of reactant and product species and are exothermic by 
nearly the same amount.However reaction (i) which involves 
the formation of ions from neutral species has a negative 
AS. In this reaction there is a change to a highly ordered 
hydration environment surrounding the ions. Reaction (ii) 
has a positive AS as would be expected for a process in 
which ions are converted into a neutral species. The 
ordered hydration around the ions gives way to increased 
randomness of the neutral molecules in the water system. 
This example amply illustrates the truth of Hammett's 
statement that "... any consideration of equilibrium in 
a reaction in solution must include the molecules of the 
solvent, at least in so far as their potential energy or 
the kinetic energy of their motions is affected by the 
presence of the solute molecules. This effect is 
especially important in reactions Involving ions because 
the very existence of ions in solution is intimately 
connected with powerful interactions between ions and 
solvent molecules." 
Free—Energy 
In most chemical processes neither the enthalpy nor 
entropy of the system remain constant throughout the 
reaction. Hence neither function by itself gives sufficient 
Information to determine the direction of the reaction. 
The free-energy function G is, however, a quantitative 
measure of reaction tendency. It describes how the enthalpy 
and entropy factors act to drive a system to equilibrium. 
G = H - TS 
The free-energy change, AG, for a chemical process at 
constant temperature is 
AG = AH - TAS (3.1) 
A decrease in free-energy results from a spontaneous 
process. 
The thermodynamic standard free-energy change, AG°, is 
related to the equilbrium acidity constant K for an a 
ionisation reaction by 
AG° = -RT InK a 
= -2..30259 RT log K^ (3.2) a 
Heat Capacity 
The heat capacity of a system represents the quantity 
of heat required to raise the temperature of the system 
by one degree, pressure remaining constant. The change 
in heat capacity with temperature is related to the 
enthalpy by the thermodynamic expression 
An r dAH ̂  
^ P 
Heat capacity is significantly influenced by the 
molecular size, molecular geometry, and solvation effects. 
Large molecules have many ways of absorbing added heat 
energy in rotation and vibration. The presence of heavy 
atoms also increases heat capacity as they move more 
slowly and have closer energy levels. Polar solvents 
solvate ions particularly strongly compared with neutral 
molecules. Large solvation sheaths around ions change 
their freedom of motion and this in turn alters their 
heat absorbing properties in relation to the neutral 
parent molecule. 
CALCULATION OF THERMODYNAMIC FUNCTIONS 
The size and magnitude of the standard thermodynamic 
functions AG®, AH°, and AS° are aids to the interpretation 
of the influence of molecular structure on reactivity for 
equilibrium systems. Precise determination of these 
quantities is facilitated by the temperature dependence 
of acidity constants. The van't Hoff isochore is an 
equation relating the temperature dependence of acidity 
constants to enthalpy: 
^ AH° (3.3) 
dT 2.303 RT^ 
Integration of van't Höffes equation, or the substitution 
of equation (3-2) into the free-energy relationship 
equation (3.1) gives: 
pK = _ AS" (3.4) ^ a 2.303 R (tJ 2.303 R 
Equation (3.4) indicates that pK 's are a linear function a 
in 1/T and that the values of AK° and AS° are calculable 
from the slope and the intercept respectively, providing 
AH° and AS® are independent of temperature over the 
experimental temperature range. However, many equilibrium 
systems do show a dependence of AH° and AS® on temperature, 
^ ̂^̂  and this is certainly true for acid ionisation 
processes for which AC^ is often in the vicinity of 40-60 
cal/mole deg. 
Various empirical methods have been suggested for the 
calculation of AH° and AS° for systems in which these 
functions show dependence on temperature. The Harned-
Robinson equation:^® 
pK = ^ - B + CT (3.5) a 1 
and the Everett and Wynne-Jones equation: 
pK^ = ^ - B + C log T (3.6) 
a 1 
have been the most widely used. The constants A^B, and C 
have different values in each equation. Expressions for 
the various thermodynamic functions arising from the 
Harned - Robinson equation are: 
AG° = 2.303 R (A - BT + CT^) 
AH° = 2.303 R (A - CT) 
AS° = 2.303 R (B - 2CT) 
AC° = -2.303 (2CT) 
and those arising from the Everett and Wynne-Jones 
equation are: 
AG° = 2.303 R (A - BT + CT log T) 
AH° = 2.303 R (A - CT) 
AS® = 2.303 R (B - C - C log T) 
AC° = -2,303 RC 
Both equations make assumptions and thereby give 
certain functional relationships of enthalpy to temp-
erature. Thus, thermodynamic function values calculated 
from either empirical relationship have physical signifi-
cance only when the system under consideration satisfies 
the assumptions implicit in the equation used. Limitations 
in these equations have shown up when applied to precise 
experimental data. 
Clarke and Glew proposed a "non-emplrlcal" method^® ' ^̂  
for calculating values of thermodynamic functions from 
experimental data on the variation In pK with temperature. a 
This procedure requires only that the thermodynamic 
functions are continuous, well behaved functions of temp-
erature. The Clarke and Glew method Is based on Taylor's 
series expansions of AH° and AC^, so that, values of these 
functions at any experimental temperature, T, are 
expressed as perturbations of their values at some 
reference temperature, 0 (usually 298.15 K) located about 
the middle of the experimental temperature range. The two 
expansions are combined with the standard expressions for 
AG and the standard Intergrated form of AS to give the 
basic equation: 
AG^ AH„ 
+ AC p,0 
^ dAC 0 / p 2 dT '0 
n (-x) J n=l n+2 
< 
d^AC 
dT 2 ^0 
I n=l n+3 
n (-x) J 
. e^ , p 
^ ^ T" 0 
y n / Nn-1>( 
n£i i (3.7) 
where x = T-0 0 " 
Equation (3-7) can be rewritten as the regression equation 
whe 
Y = b + b t + b t + b t + b t + b t (3.8) 0 1 1 2 2 3 3 «+4 5 5 
re Y = R InK , the terms b^ are regression parameters 
and the terms t^ are the temperature dependent variables 
, i y n / sn-1 
^ = ^ n=I n+d-l) 
The procedure requires the multiple calculation of 
least squares estimates of the regression parameters b^, 
by fitting equation (3.8) to the experimental data firstly 
as an equation in one temperature-variable, 
Y = b + b t (3.9) 
0 1 1 
then as a two temperature-variable equation, 
Y = b + b t + b t (3.10) 
0 1 1 2 2 
and so on to the full equation in five temperature-
variables . 
At each stage, as the regression parameters b^ are 
obtained, the thermodynamic function values appropriate to 
that sub-set of equation (3-7) are calculated from the 
expressions: 
AG^ = -b e 0 0 
AH^ = b 0 0 1 
AS^ = b + b 
0 0 1 
AC = b p '0 2 
dAC 2b ( R) ^ V ^m J dT '0 0 
d^AC 6b' 
( E) = i 
d^AC 24b 
( = ^ 
dT^ 03 
The lack of any explicit assumptions about the nature 
of the thermodynamic functions ensures that the Clarke and 
Glew method gives a thermodynamically meaningful and 
non-empirical representation of the data. 
CHAPTER 4 
STRUCTURE AND ACIDITY 
Classical Concepts of Substituent Effects 
Acidic groups of any organic acid molecule are subject 
to changes in electron densities due to polar interactions 
from neighbouring substituent groups. Reactivities of 
aromatic acids are subject to both inductive and resonance 
effects which act to alter electron densities, and the 
separation of these two effects is not simple. Proximity 
effects generated by the presence of bulky substituents 
adjacent to the reaction centre also influence the 
ionisation process, usually by impeding solvent molecules 
from solvating and stabilising the cation acid or anion 
base. 
(A) Polar Effects 
(i) Inductive Effects: Inductive effects are the 
displacements of a-electrons caused by differences in 
electronegativities of the atoms or groups involved. 
Attraction or repulsion of bonding a-electrons by one 
substituent induces similar influences in adjoining bonds, 
and so the polar effect is transmitted along the chain of 
bonds but the influence rapidly diminishes with the 
distance from the substituent. Acids derived from the 
benzene ring should experience the largest inductive 
effects from ortho-substltuents and the smallest from 
para-substituents. Substltuents in close proximity to the 
reaction centre may exert direct influences through space. 
These are termed field-effects and for convenience they are 
usually incorporated into inductive effects. 
The Ingold convention is followed such that the 
symbol -I is used to denote substituents capable of 
inductive interaction via withdrawal of electron density 
from the reaction centre, and +I for substituents releasing 
electron density to the reaction centre. 
(ii) Resonance Effects: Resonance (or conjugative 
or mesomeric) effects are those polar influences which 
arise from interactions through conjugation systems of 
TT-electrons. In aromatic acids resonance effects vary 
electron densities only when both the substituent and the 
reaction centre have 7r-electron systems or p-electrons or 
orbitals available for conjugation. Variations in molecular 
and ionic electron densities via resonance are significant 
for substituents at the ortho- and para- positions, as 
meta-substituents are unable to realise efficient conjugat-
ion . 
Substituent groups which withdraw fr-electron density 
via resonance interaction are termed -R groups, while those 
that release ir-electron density are termed +R groups. 
Phenoxide anions are open to resonance stabilisation by -R 
substituents since they tend to delocalise the negative 
charge. The anion from para-cyanophenol is an example of 
resonance stabilisation by -R effects, as shown by the 
following structures. 
d® 0 0 0 
c 
N 
© 
C 
N ®N 
(iii) Hyperconjugative Effects: It is recognised 
that alkyl groups possessing alpha-hydrogen atoms show a 
small +R effect, when they are situated adjacent to a 
conjugative reaction centre. Compounds containing such 
a-hydrogens appear to be stabilised relative to those not 
containing a-hydrogens. The mechanism of the reaction is 
uncertain. Small hyperconjugative effects are not always 
separated or discussed apart from the more substantial 
polar effects. 
(B) Steric Effects 
Simple occupation of space by a substituent can also 
be an influence on reactivity. Contact between reaction 
centres is made more difficult by the presence of bulky 
groups which create intense van der Waals repulsion of 
adjacent non-bonded atoms or groups that do not other-
wise participate in the reaction. The phenomenon of steric 
hindrance is seen to arise mainly from two factors: 
(i) Primary Steric Effects: Occupation of space by a 
bulky substituent in the proximity of an acidic or basic 
group may have little direct effect on the movement of a 
proton because of its small size. Nevertheless, these 
substituents have the ability to restrict or even prevent 
the solute-solvent interactions capable of stabilising the 
ion formed by the ionisation process. The primary steric 
effect is thus essentially steric inhibition to solvation. 
(ii) Secondary Steric Effects: Bulky substituents 
causing van der Waals repulsions of non-bonded atoms or 
groups may disturb resonance interaction between the 
functional group and the rest of the molecule. Non-bonded 
repulsions may prevent the preferential conformation for 
maximum conjugation from being adopted. Steric inhibition 
of conjugation is difficult to separate from other steric 
and polar influences. 
Secondary steric effects are not expected to operate 
in the ionisation of ortho-substituted phenols as there is 
little likelihood of disruption of the coplanarity of the 
aromatic ring and the oxygen atom bond. 
The rigid nature of the aromatic ring ensures that 
groups in the ortho-positions are the only groups able to 
exert steric influences. Substituents in the meta- and 
para- positions are sufficiently displaced from the 
reaction centre for their proximity effects on the reaction 
centre to be considered negligible. 
Thermodynamic Theory 
It has not been uncommon for some authors to attribute 
differences in acid strengths of the members of a reaction 
series to the properties of the relative structures of the 
acid and their anions, almost to the exclusion of the 
consideration of solute-solvent interactions. Quite some 
time ago Hammett^*^ and Bell^° criticised this neglect of 
solute-solvent interactions. 
Several authors have pointed out that the depend-
ence on temperature of both the magnitude and the sign of 
differences in acid ionisation constants tends to remove 
any simple significance from these differences. Hepler and 
O'Hara^^ attempted to develop a thermodynamic theory to 
account quantitatively for the ionisation constants as a 
function of temperature of some methyl substituted phenols 
and they noted several limitations to its general applic-
ability. Their theoretical treatment is founded on the 
consideration of the total system involving the solute-
solvent interactions as well as the properties of the 
molecules and their ions. Considerable use has been made 
of the theory to aid interpretations of changes in re-
activity with structure. 
The most important tool in the process has been the 
study of the effects of substitution on the thermodynamic 
quantities AG® , AH° and AS° of ionisation. These 
quantities are considered for the substituted acid (HA) 
against the non-substituted reference acid (HR). The 
ionisation processes for these acids can be represented by 
equations (4.1) and (4.2) respectively. 
«U) " Vq) 
< ^ h! n + RT N (^.2) 
(aq) (aq) (aq) 
Direct comparison of quantities for HA against HR 
can be made in terms of the proton transfer reaction,(4.3), 
derived by combining (4.1) and (4.2). 
+ '^"(aq) ^(aq) ^ 
The standard thermodynamic function changes for 
reaction (4.3) are: 
6AG° = AG° - AG^ (4.4) 
6AH° = AH^ - AH^ (4.5) 
6AS° = AS^ AS^ (4.6) 
Hepler and his colleagues have proposed that both 
enthalpy and entropy changes should be dichotomised into 
"internal" and "environmental" components. Thus enthalpy 
and entropy changes are taken to be the sum of their 
internal and environmental contributions: 
6AH« = + (4.7) 
6AS« = + (4.8) 
King^ clearly indicates that "internal effects are those 
intrinsic to the molecules and ions of the acid and base. 
Environmental effects are those which result from inter-
actions of the molecules and ions of the acid and base 
with the solvent." 
On the basis of several investigations ̂ ^ ^ ^ i t has 
been shown that for certain symmetrical reactions of type 
(4.3) changes in the internal entropy approximate to zero, 
i.e. 
6AS. , ^ 0 (^.9) int 
Hence 6AS° "^^^env (^.10) 
Hepler^'* has suggested that both environmental 
enthalpies and environmental entropies are determined by 
the same solute-solvent interactions, and that it seems 
reasonable that a direct relationship exists between them, 
such that 
6AH = 3 6AS = B 6AS° (4.11) 
env e env e 
Combination of equations (4.7) and (4.11) leads to 
6AH. ^ = 6AH° - 3 6AS° (4.12) 
int e 
Values of the proportionality constant from several 
investigations^''^ ̂^ ' ^̂  indicate that 3^^ 300°K for aqueous 
solutions near room temperature and more generally that 3^- T. 
Further combination of equations leads to 
6AG° = + (3g - T)6AS° (4.13) 
which simplifies to 
6AG' - "^^^int (4.14) 
The above treatment,equations (4.7) to (4.14),shows 
the compensation of and (with 3_ = T) . This G n V trilV C; 
compensation leads to ^ 0, and to 6AG® being 
independent of the solvent, which is not true.''̂ '̂'̂  
Hence new information or parameters are needed in the 
theory to overcome this difficulty. 
Incompleteness of compensation of and 
should be described in terms of the details of interactions 
between the solvent and the various solute species. This 
of necessity Involves the details of the structure of the 
solute species. Since structural properties of solute 
species are related to ôAH^^^ values. It has been 
suggested 25533,35 ^̂ lat equation (4.11) be modified to 
«AH^nv = ^e^^S» + yôAH.^^  
In which the parameter y Is dependent on the solvent. 
By following the same procedure as before, the 
equations (4.16) to (4.18) are arrived at: 
ÔAH° = ^H^^^d + y) + 3gôAS° (4.16) 
ÔAG^^^ = (3 - T) ÔAS° + (^.17) 
6AG® - ^^^Int + "Y) (4.18) 
Linear Free-Energy Relationships 
(1) The Hammett Equation: Undoubtedly the Hammett 
equatlon^*^ Is one of the most successful and widely used 
tools for the elucidation of electronic Intramolecular 
Interactions. This linear free-energy relationship, or 
one of Its many derivatives. Is usually employed where 
substltuents Influence rates of reaction or positions of 
equilibria of aromatic substrates. Normally, the Hammett 
equation 
log|- = pa (4.19) 
o 
Is used to correlate the Influence of meta- or para-
substltuents on the reactivity of substrates containing 
aromatic groups. The substituent constant a Is defined by 
a = log K - log (4.20) a a 
or a = ApK^ 
where K and are the respective acidity constants for a a a 
substituted benzoic acid and benzoic acid Itself. These 
constants are characteristic of the substltuents, providing 
a measure of their polar effects relative to that of 
hydrogen. In principle, they are Independent of both the 
reaction series and the nature of the reaction. This Ideal 
may seldom be found*̂ ^ as It Is but an approximation and 
there are many departures from It. Nevertheless the 
departures from the 'Ideal' provide deeper Insight Into 
substituent effects. 
The reaction parameter, p. Is dependent upon the 
nature of the reaction and the conditions under which the 
reaction takes place. It provides a measure of the 
sensitivity of the reaction or equilibrium to polar 
effects. 
Combination^^ ' ̂^ of equation (4.l8) and the Hammett 
equation (4.19) leads to 
^^ - fC (1 + y)^ ( ̂ ^Int^ (h PI^ 
- i 2. 3RT J ^ C — ^ 
In which C Is an arbitrary proportionality constant. In 
equation (4.21) p Is Indentlfled with C (1 + y) and a with 
2.3RT 
— AH Int . The Kepler model leads to a linear free-energy 
C 
relationship In which p Is dependent on both solvent and 
temperature, and to a a-parameter that Is dependent only 
on the substituent. 
Numerous reactions and systems were excluded by using 
the Hammett equation as it was originally defined, but it 
was found that the capabilities of the relationship 
could be extended by the definition of new substituent 
constants. As a result of this, there has been a pro-
liferation of substituent constants defined in most cases 
to satisfy the conditions of particular reaction mechanisms 
Of the many substituent constants now in use, a is of 
special interest in this study. Through-conjugation 
between the reaction centre and -R substituents in the 
para-positions of anilines and phenolate anions increases 
the effective resonance character of these groups 
relative to their effects in benzoic acid. For satisfactory 
correlations with the Hammett equation these substituents 
require enhanced or exalted a values, which are usually 
termed a^ substituent constants. The o~ values for 
electron-withdrawing substituents are larger than their 
a values, while the o~ values for electron donors are P ' P 
equal to a^. The difference (a~ - a^) can serve as a more 
sensitive measure of conjugative ability of a given -R 
substituent than the difference (a^ - a^) which is the 
usual measure. 
Substituent constants, called a^ , have been defined 
for donor substituents interacting with electron-deficient 
reaction centres. Some reactions appear to require 
combinations of a"̂ , a and o~ simultaneously. Sliding 
scales of substituent parameters have been suggested for 
reaction series where the degree of conjugation of the 
substituent with the reaction centre appears to vary with 
the nature of the substituent. 
The Yukawa-Tsuno equation**^ (4.22) expresses the 
sliding scale quantitatively by use of an additional 
parameter r , which expresses the importance of direct 
conjugation. 
log K = log K + pfa + rCa"^ - a )1 (4.22) o m,p ^ p p 
The term (a"*" - a ) is a measure of the conjugative ability 
P P 
of a donor substituent. The corresponding equation for 
electron-density acceptors was formulated by Yoshioka, 
Hamamoto and Kubota*^"^ 
log K = log K^ + + r(o- - Qp)} (4.23) 
Both equations (4.22) and (4.23) reduce to the simple 
Hammett equation when r = 0 , and when r = 1 they correspond 
to the use of a^ and a~ respectively. 
Exner"^ reports that the question arises as to whether 
the c o m m o n , a , constants defined from substituted benzoic 
m 5 p 
acids, are in fact the best values. He continues, that 
'better' unbiased standard or normal substituent constants 
a°(or a^) have been defined, and that they have better 
theoretical foundation and are more suitable for funda-
mental studies than a^ m,p 
Correlation equations confront complex problems when 
used to analyse ortho-substituted systems. The ortho-effect 
m^ay influence reactivity through a variety of effects 
such as inductive, resonance, field, and/or steric effects, 
and hydrogen bond formation. Hence the simple Hammett 
equation is not expected to apply to ortho-derivatives. 
Exner**̂  notes, however, that a correlation might be 
possible in one of the following three ways: 
(a) when proximity effects and steric effects are 
prevented or can be eliminated in the system. These 
reactions are then controlled essentially by polar effects. 
The ortho-substituent constants, a^, result from pure 
electronic effects of the ortho-substituents transmitted 
through the nucleus, and they are understood as inductive/ 
field constants. 
(b) where there is a constant ortho-effect through-
out the reaction series. However, the o^ constants defined 
by such systems have a limited range of validity. 
(c) where multiple parameter equations can be 
employed, usually by representing polar effects by one 
parameter, and steric effects by another. 
Many excellent reviews and monographs are available 
which discuss the Hammett equation in detail and its 
ability to correlate structural changes in substrate 
molecules. A small selection of these are included in the 
bibliography (see references 40,41,^5-^8). 
(ii) The Taft Equation: Considerable success in 
assessing steric and polar influences in aliphatic systems 
as well as ortho-substituted aromatic systems has been 
achieved through use of the Taft equations. 
Polar effects of substituents are evaluated in terms 
of the polar substituent constant a*, defined by equation 
(^.24). 
a- = ^ (log (V^ )b - log (4.24) 
o o 
In this equation the rate constants k and k^ refer 
respectively to reactions of RCOOR' and MeCOOR', where 
the latter ester is used as the standard. B and A refer 
to basic and acidic hydrolysis, and the factor 2.48 is 
employed to align a* values with Hammett a values. The 
log (̂ /ĵ  )g term is considered to measure the sum of steric 
o 
and various polar effects, while log ( measures the 
o 
sum of steric and resonance effects. 
A steric substituent constant, E , is defined as ' s ' 
E^ = log (4.25) 
o 
Values of E contain a resonance contribution when the s 
substituent, R, conjugates with the remainder of the ester, 
-COOR». 
The Taft group of linear free-energy equations are: 
(a) the Polar Energy relationship 
log ( V ) = P* Ci* (4.26) 
^o 
(b) the Steric Energy relationship 
log (Vj^ ) = S ^s (4.27) 
o 
(c) the Polar and Steric Energy relationship 
log ) = p* a* + S E (4.28) 
Taft*s reaction constant, p*, is analogous to the 
Hammett p constant, and it gives a measure of the polar 
nature of the reaction and reaction conditions. The 
proportionality constant S measures the susceptibility 
of the reaction series to steric effects. Taft used the 
symbol 6, but here S is used to avoid confusion with other 
applications of 6. 
The polar and steric energy relationship (equation 
(4.28)) is expected^'^ to be applicable to reaction series 
where the relative free-energy of activation is the sum of 
independent contributions from polar and steric effects. 
Although the Taft analysis has achieved considerable 
empirical success various authors^^^ question the 
assumptions used in Taft's procedure, and the significance 
of the polar and steric parameters. 
Farthing and Nam̂ *" developed a Hammett type equation 
for the effects of ortho-substituents. They used the 
ionisation of benzoic acids as a defining reaction series 
and proposed the planar .free-energy relationship. 
ôlogK = Pe ^e ^s ""s : (^.29) 
where the reaction constants p^ and p^ are measures of the e s 
reaction susceptibility to polar and steric effects 
respectively. The corresponding para-substituted acid is 
used to define the electronic effects of the substituent 
-e = («l^g'^^para 
The assumption is made that the polar effects are the same 
in both the ortho- and para- positions. A steric substituent 
Hi 
constant is then defined as 
03 = (filogK),^,^^ - a^ (4.31) 
The total effect of the ortho-substituent can then be 
represented by an ortho-substituent constant, a^, where 
= ''E + ^S (^-32) 
Bolton and his colleagues ^^^^^have shown that for 
the ionisation of ortho-substituted phenols and anilinium 
ions the Farthing and Nam relationship gives a better 
analysis than does the application of the Taft equations. 
Ii2 
CHAPTER 5 
EXPERTMENTAL 
Preparation and Purification of Materials 
All temperatures of melting points are in degrees 
Celsius. They were determined on a Reichert hot-stage 
microscope and are uncorrected. The identity of all phenols 
used in this work was confirmed using infrared spectra 
recorded on a Perkin-Elmer 357 grating spectrophotometer, 
and mass spectra obtained from an E.A.I. Quad 300D low 
resolution instrument. The purity of each compound was 
verified by gas-liquid chromatography on either a Varian 
600D or a Packard Becker 4l9 gas Chromatograph. The 
columns used were packed with OV 17 on chromosorb W. 
Phenols with low volatility were exhaustively methylated 
with tetramethylammonium hydroxide. The light petroleum 
used had b.p. 60-80°. 
2,6-dichloro-4-bromophenol. 2,6-dichlorophenol (5 g) was 
dissolved in acetic acid (10 ml) and slowly treated with a 
solution of bromine (4 g) in acetic acid (5 ml). The 
mixture was warmed and stirred until the evolution of 
hydrogen bromide had ceased, then poured into water. The 
solid was collected by filtration, washed with water and 
dried. The phenol crystallised from light petroleum as 
feathery white needles m.p. 67-68° (lit ^̂  65-66 ° ) . 
2,6-dichloro-4-t-butylphenol. ^-t-butylphenol (15 g) 
was dissolved in methylene chloride (50 ml), warmed to 
near boiling and chlorine gas passed through the solution 
for 30 min. The yellow solution was washed with water, 
dried and the solvent removed by distillation, leaving a 
residual yellow liquid. This was distilled at 20 mm 
pressure using a bath temperature of 170V The fraction 
b.p. 142-14^®, 20 mm was the required phenol, and it 
solidified on cooling. 
3,5-dichloro-4-hydroxyacetophenone. 4-hydroxyacetophenone 
(20 g) was dissolved in acetic acid (150 ml) and chlorine 
bubbled through the hot solution for 3 hrs. The mixture 
was diluted with boiling water (150 ml), then cooled, 
producing a buff-coloured oil. The oil was separated and 
cooled in ice to induce crystallisation. The phenol 
crystallised from chloroform/light petroleum as buff-
coloured flakes m.p. 161-162.5° (lit ., ̂  164-165.5°)• 
3,5-dichloro-4-hydroxybenzaldehyde. 4-hydroxybenzaldehyde 
(25 g) was dissolved in chloroform (500 ml), warmed, and 
treated with chlorine for 3 hrs. The cream-coloured 
crystals which formed on cooling were collected by 
filtration and washed with water. The phenol crystallised 
from light petroleum as beige flakes m.p. 154.5-156° 
(lit./^ 157-158°). 
3,5-dichloro-4-hydroxybenzonitrile. A solution of 3,5-
dichloro-4-hydroxybenzaldehyde (0.5 g) and hydroxylamine 
hydrochloride (0.5 g) in ethanol (5 ml) and pyridine 
(0.5 ml) was refluxed on a water bath for 15 min. The 
ethanol was removed by distillation and water (5 ml) was 
added to the cooled residue. The crystalline oxime was 
collected by vacuum filtration, washed with water and 
crystallised from aqueous methanol. The oxime (2 g) was 
dehydrated by refluxing for 2 hrs with acetic anhydride 
(6 ml). The mixture was cooled, poured into water, the 
solid collected by filtration and crystallised from 
aqueous methanol. 
The acetate derivative (1.3 g) was de-acetylated by 
heating with a solution of sodium ethoxide prepared by 
dissolving sodium (0.3 g) in absolute ethanol (8 ml). The 
mixture was cooled, diluted with water (50 ml), acidified 
and the white precipitate collected by filtration. 
Crystallisation from water gave the phenol as colourless 
needles m.p. 146-147 Vlit . , 1 4 5 - 1 4 6 ^ . 
2,6-dibromo-4-nitrophenol. 4-nitrophenol (1.7 g) was 
dissolved in acetic acid (5 ml) and slowly treated with a 
solution of bromine (6.0 g) in carbon tetrachloride (5 ml) 
The solution was heated under reflux for 2 hrs, then the 
solvent was removed by distillation, and the phenol 
crystallised from methanol. Recrystallisation from aqueous 
methanol gave colourless prisms m.p. 142-143° (lit.,^^ 
Ill3_li44°) . 
3,5-dibromo-4-hydroxybenzaldehyde. 4-hydroxybenzaldehyde 
(2 g) was dissolved in acetic acid (20 ml). To this was 
slowly added bromine (6 g) in acetic acid (5 ml) and the 
solution refluxed for 1 hr. The solvent was removed by 
distillation and the phenol was crystallised from aqueous 
methanol as fine colourless needles m.p. 176-177°(lit" 
182M. 
2,6-dibromo-4-t-butylphenol. 4-t-butylphenol (1 g) was 
dissolved in acetic acid (20 ml) and the solution treated 
slowly with bromine g) in acetic acid (5 ml), and was 
gently refluxed. A major portion of the solvent was 
removed by distillation, and the solution was diluted with 
aqueous sodium bicarbonate. The oil which separated was 
extracted into ether, the ether layer dried and the 
solvent removed by distillation. The phenol crystallised 
from aqueous methanol as colourless flakes m.p. 71-72° 
(lit./'^ 71') 
2,6-di-t-butyl-^-nitrophenol. 2,6-di-t-butyIphenol (2 g) 
was dissolved in light petroleum. To this solution 30% 
nitric acid (2.4 m.l) was added dropwise over 30 min. The 
solution was stirred for 24 hrs^ and the yellow insoluble 
product was collected by filtration and washed with water. 
The phenol was crystallised from, petroleum spirit as 
yellow prisms m.p. 155-155.5° (lit.," 157.5'). 
2,6-di-t-butyl-4-bromophenol. A solution of 2,6-di-t-
butylphenol (8 g) in carbon tetrachloride (10 ml) was 
treated with bromine (6 g) in carbon tetrachloride (10 ml), 
added over 30 min. The solvent was removed by distillation 
leaving an oil which crystallised from methanol. The phenol 
was recrystallised from aqueous methanol as dark yellow 
prisms m.p. 7 9 . 5 - 8 0 . 5 ° ( l l t . / ^ 8 3 - 8 3 . 5 ° ) . 
33 5-dl-t-butyl-4-hydroxybenzaldehyde. A mixture of 2,6-
di-t-butyl-4-methylphenol (1 g), bromine (1.5 g), acetic 
acid (20 ml) and water (5 ml) was stirred continuously for 
2 hrs, at 40° to produce the phenol as a white precipitate 
This was collected by filtration washed with 50^ acetic 
acid, then water and crystallised from methanol as white 
flakes m.p. 1 8 5 - 1 8 6 ° ( l i t . 1 8 9 ° ) 
3,5-di-t-butyl-4-hydroxybenzonitrile. 3,5-di-t-buty1-4-
hydroxybenzaldehyde (1.5 g) was added to a solution of 
hydroxylamine hydrochloride (2 g), and sodium hydroxide 
( 0 . 3 g) in pyridine (2 ml), ethanol (15 ml) and water 
(10 ml). The solution was heated under reflux for 30 min. 
to give the oxime as an oil which was extracted into light 
petroleum. The solvent was then removed by distillation. 
The residue was treated with acetic anhydride (3 ml) 
and the solution heated 
on a water bath for 2hrs5 cooled 
and allowed to crystallise. The product was collected by 
filtration and washed with a sodium bicarbonate solution. 
The solid was purified by dissolving it in ether and 
extracting the ether layer with IM sodium hydroxide. The 
alkaline extract was acidified with concentrated hydro-
chloric acid and allowed to crystallise. The phenol 
crystallised from light petroleum as colourless flakes m.p. 142-143° ( l i t . / ® 1 4 7 ° ) . 
The 2,6-dimethyl-4-substituted phenols were obtained 
in a pure state from Fischer and co-workers who described 
their preparation^^ . The remaining phenols used in this 
project were all available commercially at A.R. grade. 
These were recrystallised to constant melting point and 
their purity verified by gas-liquid chromatography. A 
comparison of the melting points of the materials used 
with literature values is found in Table 5-1-
T A B L E 3 - 1 
M E L T I N G P O I N T S O F P H E N O L S 
P h e n o l E x p ' t a l V a l u e ( ° C ) L i t . V a l u e ( ° C ) 
4 - C ( C H ) 
3 3 
99. 5 -  100.5 101 
) 
2 
47. 5 -  48.5 49 
2 , 4 , 6 - ( C H 
3 
) 
3 
71. 5 -- 72.5 72 
2 , 6 - ( C H 
3 
) _ 4 _ c ( C H ) 
2 3 3 
80 - 80.5 80.5 
2 , 6 - ( C H 
3 
) - 4 - B r 
2 
77 - 78 79 
2 , 6 - ( C H 
3 
) - 4 - C N 
2 
121. 5 -- 122 124 
2 , 6 - ( C H 
3 
) _ 4 _ C 0 C H 
2 3 
148. 5 -- 150 151 
2 , 6 - ( C H 
3 
) - 2 j - C H 0 
2 
113 - 113.5 114 
) - ^ - N O 
2 2 
168 - 169 170 
2,6-C1 67 - 68 68-69 
2 
2 , 6 - C l - i 4 - C ( C H ) 
2 3 3 
2,6-Cl -4-Br 
2 
67 - 68 65-66 
2,6-Cl -4-CN 
2 
146 - 147 145-146 
2,6-Cl - 4 - C O C H 
2 3 
I6l - 162.5 164-165 
2,6-Cl -4-CHO 
2 
154. 5 -- 156 157-158 
2,6-C1 -4-NO 125. 5 -- 126 127 
TABLE 5-1 cont. 
MELTING POINTS OF PHENOLS 
Phenol Exp'tal Value (°C) L i t . Value 
2,6-Br 
2 
55.5 - 56 56-57 
2,6-Br -4-CH 
2 3 
52 - 53 54 
2,6-Br -4-C(CH ) 
2 3 3 
71 - 72 70-71 
2,4,6-Br 
3 
106 - 108 112-113 
2,6-Br -4-CHO 
2 
176 - 177 182 
2,6-Br -4-NO 
2 2 
142 - 143 143-144 
2,6-1 -4-NO 
2 2 
155 - 156 157 
2,6-(CH 0) -4-CHO 
3 2 
110 - I l l 113 
* Unless stated earlier In the "Preparation" section, 
literature m.p. values have been taken from references 
56-58. 
Buffer materials were all available commercially at 
A.R. grade and were used without further purification. 
Water used in the preparation of all solutions in this 
project was purified by distillation and subsequent 
deionisation via a mixed bed ion-exchange column. 
Figure 5-1 
Apparatus 
The present work was carried out using the apparatus 
as shown in the photograph, Figure 5.1. An optica CF 4 
manual spectrophotometer was used to make absorbance 
measurements. This machine was housed in an air-conditioned 
room in which the temperature was maintained close to 20°. 
Thermostating was achieved by circulating water from a 
fifteen litre fully enclosed and insulated water bath 
adjacent to the spectrophotometer. The temperature of the 
bath was controlled by a dual system comprising a Haake E52 
solid state thermostat control unit and a cooling coil 
which acted as a heat sink. Coolant was continuously 
circulated through the cooling coil whenever solution 
temperatures were below ambient. The coolant was an 
ethylene glycol/water mixture, refrigerated In a ten litre 
unit. This apparatus was capable of controlling the temp-
erature over the range 2 to 65°, to ±0.05°. 
Control of the temperature of the solutions In the 
cells was accomplished by circulating thermostated water 
through the cell holder and the cells themselves. The water 
flow was divided so that one portion passed through the 
base and walls of the cell holder while the remainder 
flowed through jackets In the walls of the Hellma 162.QS 
semi-jacketed cells. Obviously cells with a jacket on two 
sides and the base are superior for thermostatlng purposes• 
However, they were found to Interfere with the light beam 
when positioned In the available cell holder. No Inter-
ference was found using the cells containing a jacket on 
one side and the base. 
Cells without jackets were found to be Impractical In 
meeting the temperature control requirements of this 
project. Investigations of the temperature at various 
depths In the solutions In the unjacketed cells over the 
range of temperatures 2 to 60°, revealed that at the 
extremities of the range, temperature gradients of up to 
2° occurred between top and bottom layers of the solution. 
Similar Investigations on semi-jacketed cells showed the 
temperature gradient to be 0.05° at the extremities of the 
temperature range. 
Solution temperatures were continuously monitored by 
a Dlgltec digital thermometer, accurate to ±0.02°, using a 
pyrex glass enclosed thermistor probe as the temperature 
sensitive device. All work was carried out with the probe 
inserted into the buffer solution to a depth immediately 
above the light path. 
Fogging of the cells at temperatures below ambient 
was prevented by flushing out the cell compartment with 
dry air for about fifteen minutes before any cooling water 
was circulated. 
Samples of water, the molecular species in solution, 
the ionic species in solution, and the appropriate buffer 
solution were contained in a matched set of four teflon-
stoppered cells. Stoppers prevented evaporation of the 
solvent at temperatures above ambient. 
The arrangement of cells and holder is shown in the 
photograph. Figure 5.2. 
Figure 5»2 
Experimental Procedure 
Before any determinations were commenced on acidity 
constants of the phenols under study, the spectrophotometer 
and a set of four matched semi-jacketed cells were shown 
to obey Beer's law for concentrations with absorbance 
values up to 1.3. All work was carried out on solutions 
where the maximum absorbance was less than 0.9. 
The arrangement of cells In the cell holder was a 
permanent one throughout the project, and the order for 
each experimental set of measurements was water (reference), 
Ionic species, buffer solution, and molecular species. 
To ensure that the three phenol solutions had Identical 
concentrations In phenol, 50 ml allquots were pipetted 
from a stock phenol solution and diluted to the mark In 
teflon-stoppered standardised 100 ml volumetric flasks. 
The pure molecular species In solution was realised by 
diluting the stock phenol with hydrochloric acid (~0.05M). 
Dilution with sodium hydroxide (~0.05M) ensured complete 
deprotonatlon to yelld the pure Ionic species. Buffer 
solutions were prepared by adding 25 ml of buffer which 
on dilution to 100 ml gave the required Ionic strength. 
Fresh buffer solutions were prepared for each run, 
for all phenols. As mentioned elsewhere, all of the 
standard buffers used In this work have had values of 
the acidity function determined and tabulated 
by Bates and co-workers . 
Absorbance measurements for each of the three phenol 
solutions were made against the reference, water, over 
the temperature range for the chosen buffer. Readings were 
taken at intervals of between and 6°, after the temp-
erature of the solutions had stabilized. Acidity constants 
were then calculated for each temperature at which 
measurements had been m a d e , making allowance for the 
absorbances of the blank acidic, basic, and buffered 
solutions. Blank solutions, identical to the experimental 
ones, but with the phenol omitted were prepared for acid, 
base, and all buffers. Experiment showed that there was no 
variation, within experimental error, in the absorbances 
of the blank solutions over the complete range of 
temperature. Hence, it sufficed to take blank absorbance 
readings at ambient temperature at the beginning of each 
run. 
Stock solutions of the phenol were prepared by 
weighing and dissolving the appropriate amount in warm 
water. This procedure was possible for all except those 
phenols containing the t-butyl substituent. For these, it 
was necessary to make supersaturated solutions which were 
cooled, seeded and allowed to stand for about 30 min. at 
3-5° in an ice bath. Solutions were filtered to remove 
undissolved phenol and aliquots of the filtrate were made 
up to 100 ml with acidic, basic and buffered solutions, 
respectively, as described above. 
The most suitable wavelength for the measurement of 
absorbances was determined from recorded spectra over the 
u.v./vis. range for the deprotonated, buffered, and 
protonated forms of each phenol. An Hitachi EPS 3T 
recording spectrophotometer was used to obtain these 
spectra. The chosen most suitable wavelength was that 
wavelength where there was the greatest difference 
between the absorbances of the deprotonated and protonated 
forms of each phenol. In all cases this wavelength 
corresponded to the wavelength of maximum absorbance 
(Y^^^) for the deprotonated phenol. Figure 5-3 shows the max 
recorded spectra for 3,5-dichloro-4-hydroxyacetophenone, 
for which the most suitable wavelength was chosen to be 
330 nm. Isobestic points for this phenol occurred at 256 nm 
and at 292 nm. These spectra have been included as a 
typical example for the determination of the wavelength of 
operation on the Optica CF 4 manual spectrophotom.eter. 
Details of the concentrations of the phenols^ their 
wavelength of measurement, and isobestic points from 
recorded spectra are found in Table 5-2. 
The suitability of buffer systems was checked at 
ambient temperature from the recorded spectra. Buffers 
considered suitable were those for which the buffered 
phenol solution gave an absorbance close to the mid-point 
of the difference between absorbances of the depronated 
and protonated phenol solutions at the chosen wavelength 
of measurement. The example shown in Figure 5-3 indicates 
that the sodium hydrogen succinate/sodium chloride buffer 
system was a suitable one for 3,5-dichloro-4-hydroxyaceto-
phenone. Suitable buffers were available for all phenols 
studied in this project. 
1.0-1 Figure 3 
Spectra of 3,3-Dlchloro-4-hydroxyacetophenone 
VJ1 VJl 
280 
Wavelength (nm) 
TABLE 5-2 
E X P E R I M E N T A L RESULTS 
M o l a i W a v e l e n g t h of Isobestlc 
Phenol Concentration Measurement Points 
(moles/kg) (nm) (nm) 
^-C(CH ) 
3 3 
3.3 X lO-"^ 293 262,279 
2,6-dimethylphenols 
4-CH 
3 
2.0 X 10"^ 295 
4-C(CH ) 
3 3 
2.0 X 10-^ 293 
¿l-H 2.0 X 10"^ 287 
¿l-Br 2.5 X 10-^ 297 
4-CN 3.0 X 10"^ 290 232,261 
^-COCH 
3 
3.0 X 10"^ 342 236,259,306 
¿l-CHO 4.0 X 10"^ 345 234,260,310 
4-NO 
2 
4.0 X 10"^ 430 246,256,300 
402. 
2 ,6-d ichlorophenols 
4-C(CH ) 
3 3 
1 . 5 X 10"^ 304 268,285 
1 . 5 X 10"^ 300 263,280 
4-Br 1 . 5 X 10"^ 247,312 280,291 
4-CN 4.0 X 10"^ 282 237,262 
Ì4-C0CH 
3 
4.0 X 10"^ 330 256,292 
4-CHO 4.0 X 10"^ 336 240,260,299 
4-NO 
2 
6.5 X 10"^ 400 257,280,345 
2,6-dibromophenols 
4-CH 
3 
1 . 5 X 10"^ 312 273,292 
4-C(CH ) 
3 3 
1 . 5 X 309 273,288 
4-H 2.0 X 10"^ 304 270,284 
T A B L E 5 - 2 c o n t . 
M o l a l W a v e l e n g t h o f I s o b e s t i c 
P h e n o l C o n c e n t r a t i o n M e a s u r e m e n t P o i n t s 
( m o l e s / k g ) ( n m ) ( n m ) 
^ - B r 2 . 0 X l O " ' ' 3 1 7 2 8 3 , 2 9 6 
4 - C H O 3 . 5 X 1 0 " ^ 3 3 8 2 ^ ^ , 2 6 4 , 2 9 9 
4 - N O 2 4 . 0 X 1 0 " ^ 4 0 2 2 6 0 , 2 8 5 , 3 4 4 
2 , 6 - d l l o d o p h e n o l 
4 - N O 2 5 . 0 X 1 0 " ^ 4 1 0 2 7 3 , 2 9 7 , 3 5 0 
2 , 6 - d l m e t h o x y p h e n o l 
4 - C H O 3 . 0 x 1 0 " ' 3 6 5 2 3 9 , 2 6 6 , 3 2 9 
T a b l e 5 - 3 r e c o r d s t h e b u f f e r s y s t e m s u s e d f o r e a c h 
p h e n o l a n d l i s t s t h e i r ^ ^ ^ ^ ^ a ^ ^ ^ ^ ^ ^ r e s p e c t i v e l y 
f o r c o m p a r i s o n . 
TABLE 5-3 
BUFFER SYSTEMS 
Phenol 
Name 
4-C(CH ) 10.175 10.121 3 3 
2,6-dimethylphenols 
4-CH 10.906 10.121 
4-C(CH ) 10.870 10.121 3 3 
4-H 
4-Br 
4-CN 
4-COCH 
4-CHO 
10.581 10.121 
9.839 10.121 
8.210 8.251 
8.207 
7.700 
8.251 
8.251 
7.040 
NO 7.097 7^040 
2 
2,6-dichlorophenols 
7 . 1 2 0 7.040 
6.804 7.040 
6.108 5.553 
4-C(CH ) 3 3 
4-H 
4-Br 
4-CN 4.350 3.863 
4-COCH 4.635 4.853 3 
4-CHO 4.187 3.863 
3.887 
Buffer 
sodium bicarbonate/ 
sodium carbonate 
NaHCO /Na CO 3 2 3 
NaHCO /Na CO 3 2 3 
NaHCO /Na CO 3 2 3 
NaHCO /Na CO 3 2 3 
Table 
No 
tris(hydroxymethyl) 15 
aminomethane/hydro-
chloric acid 
t.h.a.m./HCl 15 
t.h.a.m./HCl 15 
potassium dihydrogen 11 
phosphate/disodium 
hydrogen phosphate 
KH PO /Na HPO 
2 k 2 h 
KH PO /Na HPO 
2 k 2 k 
KH PO /Na HPO 2 4 2 k 
11 
11 
11 
10 sodium hydrogen 
succinate/disodium 
succinate 
potassium dihydrogen 3 
citrate 
sodium hydrogen 
succinate/sodium 
chloride 
KH Cit 
2 
sodium hydrogen 
succinate/hydro -
chloric acid 
Ref 
a 
a 
a 
a 
b 
b 
b 
b 
b 
b 
b 
a 
b 
TABLE 5-3 cont. 
Phenol 
Name pK a p(aj^Yci) 
2 36-dichlorophenols 
4-NO 3.582 3 .887 
2 
2 3 6-dlbromophenols 
4-CH 7 . 1 0 8 
4-(CH ) 7.117 3 3 
4-H 
^-Br 
4-CHO 
4-NO 
6 . 6 7 5 
6.044 
4.000 
3.394 
7.040 
7.040 
7.040 
5.553 
3.863 
3 .863 
2,6-dilodophenol 
4-NO 3.348 3 . 8 6 3 
2 
2,6-dlinethoxyphenol 
4-CHO 7.338 7.040 
Buffer Table 
Type No 
NaHSuc./HCl 
KH PO /Na HPO 11 2 1 + 2 » + 
KH PO /Na HPO 11 
2 k 2 4 
KH PO /Na HPO 11 2 1 + 2 4 
NaHSuc./Na Sue 10 
2 
KH Cit. 
2 
KH Cit. 
2 
KH Cit. 
2 
Ref 
b 
b 
b 
b 
a 
a 
3 a 
KH PO /Na HPO 11 b 
2 If 2 
a see reference 9; see reference 8 
CHAPTER 6 
RESULTS 
Experimental Results 
Outlines of the experimental method and the procedures 
followed in the present work have been given earlier. The 
e.m.f./spectrophotometric method was briefly described in 
Chapter 2, while details of the experimental procedures 
observed in the laboratory were discussed in Chapter 5-
This section of Chapter 6 has been devoted to the descript-
ion of the acquisition of data by the application of those 
procedures to the phenols under study and also to the 
compilation of the thermodynamic functions of ionisation 
for those phenols. Twenty four phenols have been studied 
in this project, but full experimental data have been 
included for only one phenol. The data recorded for this 
phenol are given as representative of the experimental 
data determined for each phenol by following stepwise the 
procedures which have been described. It is emphasised 
that the following example has not been selected on any 
special basis and that experimental data collected for 
each of the other twenty three phenols came from work 
following the same pattern. 
3,5-Dimethyl-4-hydroxybenzaldehyde is taken as the 
typical example of the phenols studied. Experimental 
work was carried out on this phenol using the potassium 
dihydrogen phosphate/disodium hydrogen phosphate buffer 
(referred to as the phosphate buffer). Seven independent 
experimental runs were made on the phenol, of these 
experimental runs one and two were discarded due to their 
apparent unreliability. The question of the assessment of 
the reliability of experimental data is discussed later in 
this chapter. Absorbance data. Table 6-1, have been 
included for only one run (run four) as typical of the data 
from the five runs used in the determination of thermo-
dynamic functions of ionisation. 
Absorbance data was used to calculate raw pK values a 
using equation (2.15) 
Aj - A 
pK^ = p(auYn) + log a ^^"H'Cl^ • A - Aĵ  
In the log term of the above equation absorbance values 
were found by taking the differences of the absorbances 
of the phenol solutions and their respective blank sol-
utions. Values of at the various temperatures 
were read from a graph drawn from data given in Table 
11 of reference 8. 
Raw pK values for experimental runs 3, 5, 6 and 7 a 
found in a similar manner to those for run 4 are recorded 
in Table 6-2. These data together with the raw pK^ values 
from Table 6-1 have been plotted on Figure 6,1, and the 
curve of best fit has been drawn in manually. Experimental 
pK values for 3,5-dimethyl-4-hydroxybenzaldehyde were a 
obtained by taking raw pK^ values at 5° intervals from the a 
graph (see Table 6-3) and then correcting these values for 
the effect of ionisation of the phenol on the acidity funct-
ion, pCa^^Y^^), of the buffer. The experimental pK^ values 
at intervals determined in this manner have been recorded 
in Table 6-3. 
Table 6-1 
Absorbance and Raw pK^ Data for Run 4 
of 3,5-Dimethy1-4-hydroxybenzaldehyde 
Phenol concentration: 4 x 10"^ molal 
Buffer type: KH PO /Na HPO Ionic Strength: I = 0.04 ¿ 1 + 2 If 
Blank Solutions 
Absorbance Absorbance Absorbance 
of buffer of acid of base 
.015 .009 .000 
.016 .009 .001 
.015 .009 .000 
Average : .015 .009 .000 
Phenol Solutions 
)erature Absorbance Absorbance Absorbance Raw pK 
Buffered Protonated Deprotonated 
form form form 
16.8 .145 .012 .783 7.773 
3.7 .132 .012 .784 7.898 
7.1 .135 .012 .783 7.864 
9.4 .136 .012 .777 7.847 
13.4 .140 .012 .775 7.805 
19.3 .147 .011 .772 7.750 
23.0 .150 .011 .770 7.724 
26.3 .155 .011 .770 7.697 
29.7 .158 .011 .768 7.678 
32.9 .162 .011 .764 7.656 
36.5 .167 .011 .766 7.635 
39.7 .172 .011 .765 7 . 6 1 3 
43.2 .175 .011 .761 7.596 
47.0 .181 .011 . 760 7.574 
50.3 .184 .011 .754 7.561 
54.3 .189 .011 .750 7.543 
57.9 .193 .011 .744 7.527 
59.5 .195 .011 .737 7.518 
a 
T a b l e 6-; 
Raw pK^ v s . T e m p e r a t u r e 
l o n l s a t l o n o f 3 3 3 ~ D i n i e t h y l - 4 - h y d r o x y b e n z a l d e h y d e 
Run 3. Run 5 . 
1 = 0. 04 1 = 0 .04 
Raw pK^. Temp. °C Raw pK 
1 7 . 5 7 . 7 7 2 
2 . 8 7 . 9 2 2 2 . 9 7 . 8 9 1 
6 . 9 7 . 8 5 8 6 . 6 7 . 8 5 6 
1 1 . 1 7 . 8 1 7 1 1 . 6 7 . 8 1 0 
1 5 . 1 7 . 782 1 5 . 7 7 . 7 6 8 
1 9 . 5 7 . 7 4 9 20.4 7 . 7 4 6 
23 .6 7 . 7 2 3 24.8 7 .698 
28.0 7 . 7 0 1 2 9 . 5 7 .669 
3 2 . 3 7 . 6 6 1 34.0 7 . 6 4 3 
3 6 . 7 7 . 6 3 5 38.5 7 .609 
4 1 . 3 7 .609 4 3 . 3 7 . 5 8 1 
4 5 . 7 7 .584 4 7 . 8 7 . 5 5 5 
4 9 . 7 7 . 5 6 6 5 2 . 3 7 . 5 3 1 
5 4 . 2 7 . 5 4 5 5 6 . 5 7 . 5 1 8 
5 8 . 7 7 . 5 2 1 60.3 7 . 4 9 7 
Run 6. Run 7 . 
1 = 0. 01 I = 0 .08 
Temp. Raw pK . Temp. Raw pK 
1 7 . 5 7 . 7 5 3 
3.0 7 . 8 9 7 5 . 5 7 .880 
6 . 1 7 .866 1 0 . 2 7 . 8 3 4 
1 0 . 6 7 . 8 1 3 1 4 . 8 7 . 7 9 4 
1 3 . 3 7 . 7 9 2 20 .5 7 . 7 3 9 
2 0 . 1 7 . 7 4 2 2 6 . 2 7 . 6 9 9 
2 3 . 7 7 . 7 1 0 3 1 . 1 7 . 6 6 3 
2 7 . 7 7 . 6 8 7 3 6 . 5 7 . 6 2 7 
3 1 . 6 7 . 6 5 5 4 1 . 7 7 .600 
3 6 . 3 7 . 6 2 6 4 7 . 0 7 . 5 6 8 
40.3 7 . 5 9 8 5 1 . 9 7 . 5 4 3 
4 4 . 3 7 . 5 7 8 5 7 . 4 7 . 5 1 7 
48.2 7 . 5 5 7 
52 .0 7 . 5 3 7 
56 .0 7 . 5 2 1 
5 9 . 5 7 . 4 9 9 
a 
a\ 
LAJ 
Figure 6.1 
Raw pK^ versus Temperature ———— — 
3,3-Dlmethyl-^-hydroxybenzaldehyde: Phosphate Buffer 
7.9 -
pK a-
7.7 -
7.5 
Symbol Run 
3 
4 
5 
6 
7 
I 
.04 
.04 
.04 
. 01 
. 08 
10 20 30 40 
Temperature (°C) 
—T" 
50 
—r 
60 
Table 6-3 
p K ^ Data for 3,5-Dlmethyl-4-hydroxybenzaldehyde 
Temperature °C Raw p K ^ Experimental pK^ 
5 7 . 8 8 1 7.879 
10 7 .830 7.828 
15 7.784 7.782 
20 7.743 7.741 
25 7.705 7.702 
30 7 . 6 7 0 7.667 
35 7.639 7.636 
40 7.610 7.607 
45 7.580 7.577 
50 7.553 7.550 
55 7.530 7.527 
60 7.510 7.507 
Numerical analyses were carried out initially on an 
I.B.M. 1620 Computer, while later analyses were carried 
out on a UNIVAC 1106 Computer. A flow-on system of digital 
computer programs was used initially to convert the raw 
pK versus temperature data at intervals into corrected 
a 
thermodynamic acidity constants (i.e. experimental pK data). a 
Output data from the first phase of the system of programs 
flowed on to the second phase which determined the thermo-
dynamic functions of ionisation; that is, the free-energies, 
enthalpies, entropies, and heat capacities at 298.15°K. 
The system of programs had been set up by other workers for 
previous acid ionisation studies carried out in this lab-
oratory. It used the Clarke and G l e w ^ non-empirical proced-
ure of determining thermodynamic functions from equilibrium 
data. This procedure was briefly discussed in Chapter 3-
The second phase of the flow-on system of computer programs 
involved the calculation of the thermodynamic functions of 
ionisation by fitting the series expansion equation (3-7) 
by least squares methods to the experimental pK values a 
progressively as an equation in one to five temperature-
variables. Values of the thermodynamic functions of ion-
isation for our typical example, 3,5-dimethyl-^-hydroxy-
benzaldehyde, calculated by each of the five temperature-
variable equations are recorded in Table 6-^. This table 
also lists results of statistical analyses giving: 
(1) standard errors in each thermodynamic function 
as calculated by each equation. 
(2) residual sum of squares of the deviations, 
variance, and standard error in pK calculated for each ^ ^ a 
of the five variable equations. 
(3) the level of statistical significance of each 
of the five equations as tested by the variance ratio 
F-test. 
It should be emphasised that the standard errors 
listed in Table 6-4 have been calculated at the 95^ con-
fidence level by the method of Clarke and Glew,^'^^ and 
that they are estimates of the precision of the results 
which have been calculated from pK^ data taken from the 
curve of best fit. These standard errors should not be 
interpreted as measures of the absolute error. 
Number of 
Variables in 
Equation. 
Table 6-h 
Thermodynamic Functions of Ionisation of 3,^-Dimethyl-^-hydroxybenzaldehyde 
F u l l Clarke and Glew Procedure 
AĜ  ah' AS AC dAC 
dT 
d'AC 
dT̂  
d̂ AC 
dT̂  
1 10522. 0 (-U.1) 2852 (68) -3U.IU (.03) .0 ( .0) .0 (.0 ) .0 ( .0 ) .0 ( .0 ) 
2 10510. 3 ( - .8) 3019 (13) -25.12 {.Oh) -28.0 ( l . M .0 (.0 ) .0 ( .0 ) .0 ( .0 ) 
3 10509. U ( - .8) 2986 (20) -25.23 (.06) -31.1 (1.9) .^9 (.21+) .0 ( .0 ) .0 ( .0 ) 
10510. 0 ( - .7) 29^1 {2k) -25.38 (.08) -26.1 (2.5) 1.36 (.!*0) - . 1 3 (.05) .0 ( .0 ) 
5 10509. 2 ( - .7) 2926 (20) -25.U3 (.07) -35.1 (1+.6) 2.1I+ ( . W ) .11 (.12) - .03 ( .02) 
Standard errors in the thermodynamic functions are given i n the brackets . 
Residual Sum Variance Standard Error F-TEST 
Squares RlnK RlnK in pK ^ a Degrees of 
Freedom 
Value of 
F-rat io 
Number of Significant 
Percent 
1 .0193 .00193 .0096 
2 .OOOU .ooooU .0015 9 .1 
3 .0003 .00003 .0013 8 k.2 10.0 ĉ  
1+ .0001 .00002 .0010 7 6.1 5.0 ^ 
5 .00008 .00001 .0008 6 U.8 10.0 
* 
cal mol - 1 ^cal mol"^ deg ^ 
King^ has estimated the reliability of the thermo-
dynamic functions of ionisation by determining how errors 
in pK are multiplied in enthalpy, entropy, and heat cap-a 
acity. Determination of enthalpy, entropy and heat capacity 
is made from derivatives of pK^ and, as differentiation 
leads to a loss in precision these thermodynamic functions 
will have less reliability than pK . As enthalpy and a 
entropy are found from first derivatives they are less 
precisely known than pK , and since heat capacity is a 
obtained from the second derivative of pK it will have the a 
greatest uncertainty of the thermodynamic functions. King 
expressed the errors as standard deviations, and they are 
recorded in Table 6-5 for two estimates of random error in 
pK , one of ±0.001 in pK and the other of ±0.02 in pK . ^ a a a 
Estimates of the absolute errors in the thermodynamic 
functions of ionisation of the phenols of the present work 
have been based on King.^ They are expressed as standard 
deviations and are recorded in Table 6-6. There has been 
a variation of not greater than ±0.01 in pK^ from the 
mean over the temperature range for each of the phenols of 
the present work. This is typified by the data for 3,5-
Dimethyl-4-hydroxybenzaldehyde which has been plotted in 
Figure 6.1. It is emphasised that the values for the errors 
given in Table 6-6 are estimates of the upper limits in 
the errors of the present work, and that errors in the 
thermodynamic functions of ionisation for the majority of 
phenols are smaller than these values. 
Table 6-5 
Errors (Standard Deviations) In Thermodynamic Functions 
at 
pK ±0.001 ^ a 
pK ±0.02 ^ a 
cal mol"^ 
±10 
±190 
AS 
cal mol Meg ^ 
±0.016 
±0.32 
cal mol"Meg""^ 
±1.4 
±28 
Table 6-6 
Errors (Standard Deviations) in the Thermodynamic Functions 
of Ionisation of the Phenols - Present Work. 
AG° AH AS AC° R 
cal mol ^ cal mol ^ cal mol Meg ^ cal mol Meg -1 -1 -1 
pK ±0.01 ±10 a ±95 ±0.16 ±14 
Thermodynamic ionisation constants (experimental pK *s) a 
for the phenols of the present work over the temperature 
range of study at 5° intervals are listed in Table 6-7. 
Tables 6-8 and 6-9 record the thermodynamic functions 
of ionisation for non-hindered and hindered phenols respect-
ively. Also contained in Table 6-8 are values from the lit-
erature for non-hindered phenols of particular interest in 
this work, as a means of ready comparison. 
All of the values of the thermodynamic functions of 
ionisation of the present phenols have been calculated 
following the Clarke and Glew procedure ^̂  and were 
obtained from the two temperature-variable form of the 
series expansion equation (3-7), which gave the statistically 
best representation of the pK^ data. Values of errors,re-
corded In Table 6-6, propogated by a random error of ±0.01 
In pK have been taken as the absolute errors In the thermo-
^ a 
dynamic functions of Ionisation for each phenol. 
Temp. 
Table 6-7 
Thermodynamic lonisation Constants (pK^) — a 
Phenols. 2,6-Dlmethylphenols 
C 4-C(CH ) il-COCH 4-CH Il-C(CH ) ^-H 
•3 3 "3 3 
4-Br 4-CN 4-COCH ^-CHO^ 4-CHO'^ ¿I-NO 
5 10 .467 8. 301 11 .206 11 . 1 7 9 10 .876 10 . 1 1 6 10 . 1 2 5 8 . 4 1 7 8. 383 7 . 884 7 . 879 7 . 338 
10 10 .390 8. 226 11 . 1 2 2 11 .090 10 . 7 9 5 10 .041 
10 . 0 4 7 8 . 362 8. 334 7 . 830 7 . 828 7 . 2 7 3 
15 10 . 3 1 3 8. 158 11 .045 
11 . 0 1 1 10 . 7 1 8 9 .969 9 . 9 7 7 8 .309 8. 289 7 . 787 7 . 782 7 . 210 
20 10 .240 8. 096 10 . 9 7 5 10 .939 10 .648 9 .902 9 . 9 1 1 8 .258 8. 247 7 . 738 7 . 741 7 . 1 5 1 
25 10 . 1 7 5 8. 039 
10 .906 10 .870 10 . 5 8 1 9 .839 9 .850 8 .210 8. 207 7 . 700 7 . 702 7 . 097 
30 10 . 1 1 0 7 . 989 10 .840 10 .805 10 . 5 1 8 9 . 7 7 5 9 .794 8 . 1 6 3 8. 169 7 . 664 7 . 667 7 . 045 
35 
10 . 0 5 1 7 . 947 10 . 7 7 7 10 . 7 4 2 10 . 4 5 7 9 . 7 1 6 9 . 7 3 9 8 . 1 1 9 8. 1 3 3 7 . 631 7 . 636 6 . 996 
9 .996 7 . 908 10 . 7 1 7 10 .681 10 .400 9 .656 9 .688 8 . 0 7 7 8. 100 7 . 600 7 . 607 6. 955 
45 9 
. 9 4 1 7 . 875 10 . 6 6 3 10 . 6 2 3 10 . 3 4 5 9 .604 9 .639 8 . 0 3 7 8. 069 7 . 572 7 . 5 7 7 6 . 915 
50 9 .887 7 . 852 10 .609 10 . 5 6 7 10 . 2 9 3 9 . 5 5 1 9 .594 7 .997 8. 042 7 . 547 7 . 550 6 . 875 
55 
9 .550 7 . 527 6 . 837 
60 9 . 5 1 0 7 . 507 6 . 800 
* carbonate buffer borax buffer t.h.a.m. buffer phosphate buffer 
T a b l e 6 - 7 c o n t . 
T e m p . 
4 - C ( C H ) 
3 3 
4-.H 
2 , 6 . 
4 - B r 
- D i c h l o r o p h e n o l s . 
4 - C N 4 - C O C H 
3 
4 - C H O 4 - N O 
2 
2 , 6 - D i b r o m o p h e n o l s 
4 - C H 4 - C ( C H ) 3 3 3 
• 
4 - H 
5 7 . 2 7 7 6 . 9 5 0 6 . 2 4 3 4 . 4 0 2 4 . 6 9 5 4 . 2 2 8 3 . 6 2 9 7 . 2 7 0 
7 . 2 5 0 6 . 8 0 3 
1 0 7 . 2 3 2 6 . 9 0 7 6 . 2 0 4 4 . 3 8 6 4 . 6 7 7 4 . 2 1 4 3 . 6 1 4 7 . 2 2 5 7 . 2 1 4 6 . 7 6 2 
1 5 7 . 1 9 2 6 . 8 6 9 6 . 1 6 8 4 . 3 7 2 4 . 6 6 0 4 . 2 0 3 3 . 6 0 1 7 . 1 8 1 7 . 1 8 2 6 . 
7 2 6 
20 7 . 1 5 4 6 . 8 4 5 6 . 1 3 6 4 . 3 6 0 4 . 6 5 6 4 . 1 9 4 3 . 5 9 2 7 . 1 4 3 7 . 1 5 1 6 . 6 9 7 
25 7 . 1 2 0 6 . 8 0 4 6 . 1 0 8 4 . 3 5 0 4 . 6 3 5 4 . 1 8 7 3 . 5 8 2 7 . 1 0 8 7 . 1 1 9 6 . 6 7 3 
30 7 . 0 9 0 6 . 7 7 5 6 . 0 8 4 4 . 3 4 0 4 . 6 2 6 4 . 1 8 4 3 . 5 7 6 7 . 0 7 8 7 . 0 8 9 6 . 6 5 1 
3 5 7 . 0 6 4 6 . 7 4 7 6 . 0 6 2 4 . 3 3 3 4 . 6 1 8 4 . 1 7 6 3 . 5 6 9 7 . 0 5 1 7 . 0 5 7 6 . 6 3 2 
40 7 . 0 4 1 6 . 7 2 1 6 . 0 4 2 4 . 3 2 8 4 . 6 1 1 4 . 1 7 5 3 . 5 6 3 7 . 0 2 8 7 . 0 2 8 6 . 6 1 3 
4 5 7 . 0 1 8 6 . 6 9 8 4 . 3 2 5 4 . 6 0 6 4 . 1 7 2 3 . 5 5 8 7 . 0 0 6 7 . 0 0 1 6 . 5 9 5 
5 0 6 . 9 9 8 6 . 6 7 6 4 . 3 2 1 4 . 6 0 1 4 . 1 7 1 3 . 5 5 4 6 . 9 8 9 6 . 9 7 7 6 . 5 7 9 
5 5 6 . 9 8 2 6 . 6 5 5 6 . 9 7 3 6 . 9 5 5 
6 . 5 6 6 
60 6 . 9 6 7 6 . 6 3 7 6 . 9 5 8 6 . 9 3 6 6 . 5 5 5 
rv) 
Table 6-7 cont. 
Temp 2,6-Dibromophenols 2 ,6-Di lodo 2,6-Dimethoxy 
4-Br 4-CHO 4-NO 2 4-NO 2 
4-CHO 
5 6.168 4.034 3.435 3.387 7.539 
10 6 . 1 3 1 4.023 3.^23 3.375 7.481 
15 6.098 4.013 3.412 3.363 7.428 
20 6.068 4.005 3.402 3.354 7 .381 
25 6.044 4.000 3.394 3.348 7.338 
30 6.021 3.997 3.387 3.342 7.297 
35 6.001 3.996 3.382 3.338 7.260 
40 5.984 3.996 3.379 3.334 7.228 
45 3.997 3.376 3.332 7.203 
50 4.000 3.375 3.330 7.179 
55 7 . 1 6 1 
60 7.147 
UO 
Table 6-8 
Thermodynamic Functions of Ionisation of Non-hindered Phenols 
at 25°C 
il-Substltuent 
r * 
AH® 
P 
Ref. 
CH 
3 
10.28 14.02 5.5 -28.6 -53 25 
C(CH ) 
3 3 
10.18 13.88 5.32 -28.7 -23 t 
H 9.95 13.60 5.48 -27.2 -50 25 
Br 9.34 12.74 5.74 -23.5 -26 25 
CN 7.97 10.87 4.76 -20.5 25 
COCH 
3 
8.04 10.97 4.25 -22.5 -70 t 
CHO 7.61 10.39 4.10 -21.1 25 
NO 
2 
7.15 9.76 4.65 -17.1 -34 25 
t * -1 # -1 -1 
Present work kcal mol cal mol deg 
Table 6-9 
Thermodynamic Functions of Ionisation of Hindered Phenols 
at 25°C 
AG«* AC®^ 
P 
Uncertainties ±10 ±95 ±0.2 ±14 
i+-Substituent 2,6-: Dlmethylphenols 
CH 
3 
14.88 5.47 -31.6 -21 
C(CH ) 
3 3 
14.83 5.57 -31.1 -22 
H 14.44 5.34 -30.5 -23 
Br 13.42 5 .18 -27.7 -10^ 
CN 11.20 3.85 -24.7 - 9 
Table 6-9 cont 
U~Su"bstituent 
GOCH 
3 
CHO 
NO 
C(CH ) 
3 3 
H 
Br 
CN 
GOCH 3 
GHO 
NO 2 
GH 
3 
G(GH ) 
3 3 
H 
Br 
GHO 
NO 
AG * - * n # AH AG o# 
NO 
GHO 
11.20 3.15 
10.51 3.02 
9.68 4.29 
2,6-Dlchlorophenols 
9.72 
9.29 
8.34 
5.9^ 
6.33 
5.71 
4.89 
2.59 
2.52 
2.16 
0.77 
0.89 
0.54 
0.69 
2,6-Dll3romophenols  
9.70 2.63 
9.71 
9.11 
8.25 
5.46 
4.63 
2.54 
2.05 
1.97 
0.35 
0.57 
2 j 6-Dliodophenol 
4.57 0.54 
2 3 6-Dimethoxyphenol  
10.01 3.36 
-27.0 
-25.1 
-18.1 
-23.9 
-22.7 
-20.7 
-17.3 
-18.2 
-17.4 
-14.1 
-23.7 
-24 .1 
-23.7 
-21.1 
-17.2 
-13.6 
-13.5 
-22. 3 
P 
-19 
-28 
-27 
-35 
-19 
-39 
-23 
- 2 0 
- 2 1 
-16 
-43 
- 8 
-31 
-39 
-29 
-16 
-19 
-50 
t 
kcal mol -1 
t phosphate buffer 
-1 -1 § cai mol deg carbonate buffer 
Critical Evaluation of Results 
Thermodynamic acidity constants for all the phenols 
in the present work were determined over the widest poss-
ible temperature range. Generally the temperature range was 
from to the maximum temperature of the buffer appropri-
ate to the phenol. 
Four to six reliable experimentally independent sets 
of raw pK data were obtained for each phenol. Raw pK 's a a 
were .plotted against temperature and a curve of best fit 
drawn manually, and from this curve raw pK values were a 
taken at intervals and corrected for the effect of the 
ionisation of the phenol on the acidity function of the 
buffer (as described in Chapter 2). The experimental pK 
values thus obtained were then used as data for the deter-
mination of thermodynamic functions. 
If the data produced in this study can be shown to be 
both reliable and valid, then the thermodynamic functions 
of ionisation can be accepted with confidence. Reliability 
of any set of data was assessed in terms of the reproduc-
ibility. Independent sets of data were taken as reliable 
and reproducible if they were 
(i) self-consistent throughout the whole temperature 
range, and 
(ii) where applicable, in agreement with several other 
independent reliable sets of data. All sets of pK^ data 
used in this present work met these requirements. 
Reproducibility within experimental error was not 
always readily obtainable. Occasional sets of data were 
discarded due to their lack of self-consistency beyond that 
which could be attributed to normal systematic experimental 
error. Lack of self-consistency in a set of data was in-
variably accompanied by intermittent erratic fluctuations 
in the performance of the spectrophotometer. The most prob-
able causes of this sporadic instability in the machine 
were fluctuations in power, or variations in environmental 
humidity and temperature. 
Data were confirmed to be valid if they 
(A) had thermodynamic significance, and 
(B) were in close agreement with generally accepted 
values determined by other workers on the same compounds 
using the same or different techniques. 
(A) Thermodynamic Significance: 
(i) Lack of Dependence on Ionic Strength 
The thermodynamic equilibrium constant for acid 
ionisation may be expressed as 
= ^ H ' ^ C V S — • Y — ^ a H 01 m ^ ^HX^Cl 
Discussion in Chapter 2 suggested that the activity coeffic-
ient term approximates to unity for acids of the type HX 
in dilute solution. This approximation can be confirmed 
by the constancy of K measured over a range of ionic a 
strengths. The acid ionisation constants can be accepted as 
thermodynamically significant if they are in fact independ-
ent of both the ionic strength and the type of buffer. 
T a b l e 6 - 1 0 
I o n i s a t i o n C o n s t a n t s a t V a r i o u s I o n i c S t r e n g t h s 
3 , 3 - D l m e t h y l - ^ - h y d r o x y b e n z a l d e h y d e (phosphate b u f f e r ) 
Temp pK^ pK pK Mean Mean D e v i a t i o n a a a 
0 C I = . 0 2 I = . 0 4 I = . 0 8 pK I n pK a a 
5 7 . 8 7 7 7 . 8 8 1 7.880 7 .879 .002 
10 7 . 8 2 7 7 . 8 2 8 7. 830 7 . 8 2 8 . 0 0 1 
1 5 7 . 7 8 2 7 . 7 8 0 7 .784 7 . 7 8 2 . 0 0 1 
20 7. 742 7 . 7 4 0 7 . 7 4 1 7 . 7 4 1 . 0 0 1 
25 7 . 7 0 0 7 . 7 0 3 7. 702 7 . 7 0 2 .002 
30 7 . 6 6 5 7 .668 7 .667 7 . 6 6 7 .002 
35 7 . 6 3 6 7 . 6 3 8 7 . 6 3 5 7 .636 . 0 0 1 
40 7 . 6 0 5 7 . 6 0 7 7.608 7 .607 .002 
45 7 . 5 7 7 7 . 5 7 6 7 . 5 7 8 7 . 5 7 7 . 0 0 1 
50 7 . 5 5 2 7 . 5 4 9 7 . 5 5 0 7 .500 . 0 0 1 
55 7 . 5 2 7 7 . 5 2 8 7 . 5 2 6 7 . 5 2 7 . 0 0 1 
60 7 . 5 0 7 7 .506 7 . 5 0 8 7 . 5 0 7 . 0 0 1 
Table 6-11 
Ionisation Constants at Various Ionic Strengths 
3,5-Diinethyl-4--hydrox; ybenzonitrile (t.h. a.m./HCl buffer) 
Temp ^ a Mean Mean Deviation 
I=.02 I=.04 I=.08 
5 8.422 8.415 8.414 8.417 .003 
10 8.366 8.361 8.360 8.362 .002 
15 8.312 8. 309 8.307 8.309 .002 
20 8.260 8.257 8.257 8.258 .001 
25 8.212 8.211 8.207 8.210 .002 
30 8.163 8.162 8.163 8.163 .000 
35 8.119 8.118 8.120 8.119 .001 
40 8.078 8.077 8.077 8.077 .000 
45 8.036 8.035 8.033 8.036 .001 
50 7.999 7.996 7.997 7.997 .001 
Several workers have shown the Independence of pK^ in 
buffers of ionic strengths less than 0.1 for substituted 
phenols ii'70,71 ̂ ^^ ^^^ benzoic acids ̂  when measured by the 
method of the present work. Tables 6-10 and 6-11 record 
experimental pK values for two phenols in different buffers a 
of three ionic strengths ranging from I = 0.01 to 1 = 0.08. 
It can be seen that in both systems there is excellent 
agreement between the pK^ values for the three ionic a 
strengths at any temperature. The same lack of dependence 
of pK 's on ionic strength was found for other phenols. 
These measurements confirmed the legitimacy of the above 
mentioned approximation to unity of the activity coeffic-
ient term for the tri-substituted phenols of the present 
work. 
(ii) Lack of Dependence on the Nature of the Buffer System 
It has been shown that the thermodynamic ionisation 
constants for benzoic acids are independent of the buffer 
system^ when measured by the method of the present work. 
Experimental pK values listed in Table 6-7 for the a 
two phenols, 2,6-dimethyl-4-bromophenol and 3,5-dimethyl-
4-hydroxybenzaldehyde, in different buffers have been 
recorded in Tables 6-12 and 6-13 which also tabulate the 
mean pK and mean deviation in pK at the temperatures of a a 
5° intervals. These tables also record values for the 
thermodynamic functions of ionisation at 25°C, as well as 
the mean values and the mean deviations in these quantities. 
Results recorded in Tables 6-12 and 6-13 indicate that 
Table 6-12 
Thermodynamic Functions of I o n i s a t i o n I n Different Buffers 
2a6-Dlmethyl-4-bromophenol (carbonate and borax b u f f e r s ) 
Temp Carbonate Borax Mean Mean Deviation 
0 C PK^ pK^ 
5 10.116 10.125 10.121 .005 
10 10.041 10.047 10.044 .003 
15 9.969 9.977 9.973 .004 
20 9.902 9.911 9.907 .005 
25 9.839 9.850 9.845 .005 
30 9.775 9.794 9.785 .009 
35 9.715 9.739 9.727 .011 
40 9.656 9.688 9.672 .016 
45 9.604 9.639 9.621 .017 
50 9.551 9.594 9.572 .021 
55 9.550 
60 9.510 
AG°* 13.42 13.44 13.43 .01 
25 
AH®* 5.18 4.88 5.03 .15 
25 
- 2 7 . 6 5 -28.72 -28.19 .53 
25 
Ac®^ -10 -27 -19 9 
p , 25 
kcal mol"^ c a l mol ^ deg ^ 
Table 6-13 
Thermodynamic Functions of Ionisation in Different Buffers 
3,5-Dlmethyl-4-hydroxybenzaldehyde (t.h.a.m. and phosphate 
buffersT 
Temp T.H.A.M. Phosphate Mean Mean Deviation 
0 C pK^ pK 
5 7.884 7.879 7.882 .003 
10 7.830 7.828 7.829 .001 
15 7.781 7.782 7.782 .001 
20 7.738 7.7^1 7.7^0 .002 
25 7.700 7.702 7.701 .001 
30 7.664 7.667 7.666 .002 
35 7.631 7.636 7.634 .003 
40 7.600 7.607 7.603 .003 
45 7.572 7.577 7.575 .003 
50 7.547 7.550 7.549 .002 
55 7.527 
60 7.507 
AG®* 10.51 10.51 10.51 .000 
25 
AH°* 3.11 3.19 3.15 .04 
25 
-24.81 -25.12 -24.96 .15 
25 
-36 -28 -32 4 
^ _ 41 — — 
kcal mol ^ cal mol ^ deg ̂  
there is good to excellent agreement between all thermo-
dynamic quantities obtained for the ionisation of each of 
the two phenols in two different buffer systems. Table " 
6-12 records the reasonable agreement in AS° and AC° and 
P 
the very close to excellent agreement in AG° and AH° for 
ionisation of 2,6-dimethyl-4-bromophenol. Mean deviations 
in AG°, AH° and AC^ for 2,6-dimethyl-^-bromophenol in two 
different buffers approximate the upper limits of the 
errors in these functions generated by a random error of 
±0.01 in pK^ (see Table 6-6) for ionisation of a phenol 
in one buffer system. The mean deviation in AS° for this 
phenol is somewhat larger than the stated error for the 
entropy change. 
There is very close to excellent agreement in all 
thermodynamic functions for 3,5-dimethyl-^-hydroxybenzalde' 
hyde in the two different buffer systems, see Table 6-13. 
Mean deviations in AG° AH° AS° and AC° are well within P 
the stated errors for these quantities for the ionisation 
of phenols in one buffer. 
These results indicate that there is also a lack of 
dependence on the nature of the buffer system for the ion-
isation of phenols. 
(iii) Lack of Dependence on the Wavelength of Measurement 
It has been reported^^ that £-iodophenol exhibits two 
absorption bands. The more intense and sharper band is 
centred at 247nm and the other at 295nm. Values of pK at a 
25°C were found to coincide but work carried out at 247nm 
was "found to give more consistent results".^^ It was also 
found that pK 's determined at the longer w a v e b a n d showed 
a 
"a very slight w a v e l e n g t h dependence" over the temperature 
range of measurement.^^ 
S e v e r a l of the present phenols showed two absorption 
bands w h i c h were applicable to measurement of pK 's using 
a 
equation (2.15). Of t h e s e , 2,6-dichloro-4-bromophenol was 
chosen to test any dependence of thermodynamic ionisation 
constants on absorption b a n d s . The phenol possesses a 
sharper and more intense band centred at 247nm and a longer 
w a v e b a n d peak at 312nm. Table 6-l4 records the thermodynamic 
ionisation constants and functions of ionisation deter-
mined at the two w a v e l e n g t h s . 
A feature of the two pK curves is the almost constant 
^ a 
difference of about O.O6O units in p K ^ over the temperature 
r a n g e . T h e p a r a l l e l nature of the curves indicates a 
systematic cause which to date remains u n e x p l a i n e d . Though 
the difference in pK 's exists and is not attributable to ^ a 
explicable e x p e r i m e n t a l e r r o r , there is excellent agree-
ment b e t w e e n all thermodynamic functions of ionisation at 
the two w a v e l e n g t h s , indicating a lack of dependence of 
pK 's on the w a v e b a n d used for their d e t e r m i n a t i o n . This 
^ a 
finding is in accord with that of Biggs and Robinson^^ 
who found a similar lack of dependence on the w a v e b a n d 
used for determinations of pK for ^ - n i t r o p h e n o l and a 
m e t h y l - 3 - n l t r o p h e n o l . 
Table 6-l4 
Independence of Thermodynamic Functions of Waveband 
2,6-Dlchloro--4-bromophenol 
Temp X = 247nm X = 312nm Difference 
0 
C PK^ pK^ 
5 6 .180 6 .243 .063 
10 6 .143 6 .204 .061 
15 6 . 107 6 . 168 .061 
20 6 .077 6 .136 .059 
25 6 .050 6 . 108 .058 
30 6 .027 6 .084 .057 
35 6 .002 6 . 062 .060 
40 5 .983 6 .042 .059 
AG® * 8.255 8.335 .080 
25 
0 * 
25 
AS° # - 2 0 . 5 - 2 0 . 7 .2 
AH° * 2 . 1 3 2.16 .03 
25 
AC® # -33 -39 6 
P>25 
it Ji 
kcal mol~^ cal mol~^ deg~^ 
(B) Agreement with Accepted Values: 
The second criterion laid down for the validity of the 
present results was that, where applicable, they should be 
In close agreement with accepted values determined by other 
workers using the same and/or different techniques. As very 
few determinations of enthalpies and entropies of Ionisat-
ion have been made on compounds studied In this project, 
this second criterion cannot be rigorously scrutinised. 
Nonetheless, pK 's at 25°C have been determined for several a 
of the compounds studied In the present work and we find 
that there Is generally close agreement between present 
values and those reported by other workers. Table 6-15 
records the phenols for which pK comparisons only can be a 
made. 
For all phenols, except 2,6-dlchloro-4-bromophenol, 
there Is excellent agreement between our pK values and d, 
those of Fischer et. a l ^ ^ which were obtained by 
potentlometrlc titration. Good agreement Is shown between 
our pK value for 2,6-dlmethyl-4-cyanoDhenol and that of a 
Wheland et. al.,^^ but a significant difference exists 
between our value and theirs for 2,6-dlmethyl-4-nltrophenol 
Our value for 2,6-dlchlorophenol Is In excellent agreement 
with the value of Paabo, Bates and Robinson. 
Free-energies, enthalpies and entropies of Ionisation 
have been determined by other workers for only three of the 
present phenols and the values for these have been tabu-
lated In Table 6-l6. The values listed In Table 6-l6 
Indicate that for all thermodynamic functions there Is 
Table 6-15 
Comparison of pK Values at 25°C a 
4-Substltuent 2,6-Dimethylphenols 2,6-Dichlorophenols 
H 10.58* 10.59^ ^ 6.80* 6.81*̂  6.79^ 
Br 9.84 9.81 6.11 6.21 
CN 8.21 8.19 8.27 4.35 4.38 
COCH 8.21 8.22 4.64 4.60 
3 
CHO 7.70 7.74 4.19 4.25 
NO 7.10 7.07 7.22 3.58 3.56 
2 
2,6-Dlbromophenol 
H 6.67 6.67 
* present work, ^ ref.69, ^ ref.72, ref.6l, ^ ref.73. 
ref.71. 
good to excellent agreement between our values and those of 
other workers for the two hindered phenols. Perhaps the one 
exception is the enthalpy value of 5.10 kcal mol"^(ours 5-3^ 
kcal mol^M for 2,6-dimethyIphenol determined by Papee et. 
al.^^ using a microcalorimetry technique. The enthalpies of 
ionisation for the compounds determined by Papee, Canady, 
Zawidzki, and Laidler"^^ were later brought into question by 
Chen and Laidler, ̂^ who used a spectrophotometric method for 
their re-determination. Riccardi and Bresestialso used a 
spectrophotometric method, while Ko, O'Hara, Hu, and 
Hepler"̂ ® used calorimetry. 
The thermodynamic functions of ionisation of para-t-
butylphenol have previously been determined in this lab-
oratory and reported by Bolton, Hall, and Kudrynski. 
There are significant differences for all quantities between 
the values they reported and those of the present work, as 
seen in Table 6-l6. Support is given to the results of the 
present work by the satisfactory agreement between our pK^ 
and that reported by Cohen and Jones. Since the earlier 
work had been carried out in this laboratory several 
modifications and improvements have been made to the 
equipment and technique. These improvements, listed in Table 
6-17, confirm our view that the results of the present work 
are more reliable than those of Bolton, Hall and Kudrynski 
for para-t-butylphenol. 
We believe that our results can be accepted with con-
fidence since they have met the requirements of repro-
ducibility, reliability, and validity. These results have 
Comparison 
Table 6-I6 
of Thermodynamic Functions of I o n i s a t i o n at 25®C 
AG® AH® AS° AC® 
P 
Ref . 
2 5 6-Dimethylphenol 
10.58 14.44 5.34 -30.5 -23 § 
10.62 14 .49 5.46 -30.3 - 3 1 17 
10.61 14.47 5.50 -30.0 74 
10.59 14.45 69 
5.10*^ 75 
2,4,6-TrimethvlDhenol 
10.91 14.88 5.47 - 3 1 . 6 - 2 1 § 
10.89 14.86 5.44 - 3 1 . 6 76 
10.89 14.85 5.30 -32.0 74 
10.86 14.82 69 
p a r a - t - B u t y l p h e n o l 
10.18 13.88 5.32 -28.7 -23 § 
10.39 1 4 . 1 7 5.22 -30.0 -43 77 
10.23 13.96 78 
§ 
present 
* _ 
c a l mol 
work J a 
^ ^ c a l 
c o r r e c t e d value c . f . 
mol~^ deg"^ 
r e f . 1 7 , 
been shown to possess a lack of dependence on the various 
factors and means used in their determination, and we accept 
them as valid because, where applicable, they are generally 
in excellent agreement with values determined by other 
workers. 
Table 6-1? 
Improvements to Equipment 
Earlier Work Present Work 
Older model spectrophotometer New spectrophotometer using a 
using a valve type power solid-state power supply 
supply 
Non-Jacketed cells Jacketed cells 
Cell holder base only. Cell holder base and walls 
thermostated thermostated 
Five litre bath used for the Fifteen litre bath used for 
thermostating liquid thermostating liquid 
CHAPTER 7 
OBEDIENCE TO THE HAMMETT EQUATION 
Introduction 
Substituent effects on Ionisation of acids have often 
been Investigated because of Interest In sometimes elusive 
relationships between molecular structure and chemical re-
activity. Regarding such relationships It has been sald^^ 
that "In spite of a considerable amount of thermodynamlcal 
work on Ionisation processes In aqueous solution there Is 
still no satisfactory theoretical understanding of the 
problem." Since that time numerous further theories have 
been advanced. 
Structure-reactivity relationships are generally 
discussed within the context of the empirical and 
qualitative rule that: 
(a) like substances react similarly, and 
(b) similar changes In molecular structure are 
likely to produce similar changes In chemical reactivity. 
This rule has been given quantitative expression In 
the linear free-energy principle of Hammett. The various 
theories used to explain the effects of substltuents with-
in reaction series generally are based upon similar effects 
In some model reaction. Normally, these theories Involve 
comparisons of the thermodynamic quantities: free-energy. 
enthalpy, and entropy of ionisation. 
Any explanation of the effect of structural changes on 
chemical reactivity in a series of related compounds must 
reflect the inherent complexity of the problem. It is usual 
to consider and correlate factors affecting the potential 
energies of the reacting systems . ̂ ^ Real systems, however, 
are governed by both potential and kinetic energies. 
Hamm.ett̂ '* in his early discussions on relationships between 
structure and reactivity indicated that changes in free-
energy with substituent are controlled by a combination of 
an entropy change, a kinetic energy change and a potential 
energy change. Of these three terms only the last one is 
thought to be reasonably well understood.Ritchie and 
Sager^^ have stated that since models do not take into 
account the kinetic energies, "it is surprising that... 
even qualitative predictions of chemical reactivity" can 
be made. 
The Hammett Equation 
The linear free-energy principle states that: 
(a) changes in the free-energy within the reaction series, 
in which the com.pounds undergo a regular variation in 
structure can be linearly related to the appropriate changes 
in the standard free-energy of reaction, AG°, for the same 
reaction, and 
(b) changes in the value of the free-energy for one re-
action series A, involving the reacting group X, can be 
linearly related to the corresponding values of changes in 
free-energy for another series B, also Involving the group 
X. 
By far the most popular, widely used, and successful 
linear free-energy relationship is the empirical two-para-
meter Hammett pa relationship: 
log K = pa + log K^ (7.1) 
This equation has been discussed briefly in Chapter 4. 
Since the log K value of an organic acid is directly 
proportional to the free-energy change of the ionisation 
process, the effects of groups within the acid on the pK 
value can be discussed in terms of those factors which 
affect the free-energies of ionisation. The main factors 
affecting free-energies in different reactions can be 
categorised as substituent effects and solute-solvent 
interactions. Substituent effects can be sub-divided into 
polar, resonance, and steric effects. Empirical evidence 
has suggested that of these factors the polar effects are 
approximately constant for any given substituent and that 
they are cumulative when more than one group is involved, 
provided steric effects are negligible or constant. By 
various means, one being the Hammett equation, investig-
ations have been made into a generalised rule for addit-
ivity of substituent effects on the ionisation of aromatic 
acids. 
Additivity of substituent effects has generally been 
studied following a model of the following type. In the 
acid the reaction centre is denoted Y and constant or 
variable substituents in any position within the aromatic 
ring are denoted X , X , X , and so forth. 1 2 3 
Y 
o 
8F 
8F 
X 
For additivity to hold true the changes in some measured 
reactivity index for monosubstitution , are precisely 
additive for disubstitution trisubstitution and 
so on. 
It has been suggested that for many reactivity 
indexes the model is expected to be reasonable with two 
provisos: firstly, that the substituents X^ interact with 
the reaction centre Y through either a single interaction 
mechanism or mutually dependent mechanisms. ̂^ Secondly, that 
steric or proximity effects are negligible®^ or at least 
small.®''®' 
Evidence from reactions in solutions has suggested 
that free-energies behave with strict to approximate 
additivity. Using Hammett a-values Biggs and 
Robinson®^ predicted the pK values of fourteen multiple a 
meta- and para-substituted phenols. Rapoport, Hancock, 
and Meyers®® predicted with reasonable accuracy the pK a 
values for thirteen 4-substituted-2-nitrophenols. It has 
been concluded by Robinson"^ that for disubstituted phenols 
and anilines the additivity rule for substituent effects 
on ionisation constants is closely obeyed except where 
bulky groups occur in the ortho-positions. Sucha, Urner, 
and Suchanek®^ have obtained results supporting additivity 
of substituent effects on pK^ values of multiple-sub-
stituted methyl- and chloro-phenols. Free-energies of 
ionisation have been shown to obey strict additivity in 
going from phenol to 3-substituted to 3,5-disubstituted 
p h e n o l s . ^ The changes in going from 4-substituted to 
3,^-disubstituted to 3,5-trisubstituted phenols showed 
no apparent additivity nor regularity of substituent 
effects on free-energies of ionisation in the work of 
Bolton, Ellis, and Hall.®® 
The present work has been directed towards a study of 
the effects of two groups ortho to the reaction centre in 
substituted phenols. A model postulated for elucidating 
substituent effects on chemical reactivity is the comp-
arative studies of reaction series of the type: 
R 
Y 
H 
where Y Is the same reaction site in each series, X Is the 
variable substituent, and H and R are fixed substltuents, 1 2 
either the same or different, ortho to the reaction centre 
In series 31 and HI, It might then be expected for changes 
of the type: 
8F 3F 
- > JL 
and 
8F 
- > m 
that changes In some measured reactivity Index 9F would 
show the equalities: 
and 
8F = 8F 1 2 
9F = 29F = 29F 3 1 2 
Graphs of the reactivity Index F versus the variable 
substituent X for each reaction series I, IC , and HE 
would also be expected to be parallel. The constant R^ 
group of reaction series IE and R^ and R^ groups In series 
m should merely displace all points in the respective 
graphs in a vertical direction by an amount which is 
constant for each particular R and R . 
1 2 
Taft"^ has suggested that for a reaction series con-
taining essentially constant steric factors that free-
energy values should be proportional to the polar effects 
of the variable substituent. Cohen and Jones^® utilised 
the idea through the proposition that any interaction 
between R and Y, regardless of its nature, should remain 
essentially constant as X is varied. Leffler®^ proposed 
that for an isoequilibrium reaction series moderate 
changes in the degree of steric hindrance are not expected 
to destroy the isoequilibrium relationship but simply 
move it to a new location on the same line. 
If the postulated model is in fact correct then the 
Hammett equation reaction parameters p^, p ^ , P m ' should 
have the same values for each of the reaction series I,JL , 
and lEE, provided they are determined under equivalent con-
ditions. Also it is expected that the slopes p ^ and p ^ 
would be displaced from slope p^ by constant amounts 
corresponding to a measure of the proximity effect of R^, 
and R and R on the reaction centre Y. 
1 2 
Some support for the model has been demonstrated 
empirically by several investigations, which showed 
approximate constancy of the substituent effect arising 
from groups in the ortho-position. This support is shown 
in the effects of: 
(1) the 2-ainino group on the carbonyl stretching 
frequency of 4-substltuted benzoic acids, 
(11) the 2-Tnethyl group on the rates of esterl-
flcatlon of 4- and 5-substltuted benzoic acids with 
dlphenyldlazomethane, 
(111) the 2-halogeno and 2-inethoxy substltuents on 
the first dissociation constant of and 5-substituted 
benzenephosphoric acids, and 
(Iv) the t-butyl groups on the Infrared hydroxyl 
group frequency of ^-substituted 2,6-di-t-butylphenols as 
compared with ^-substituted phenols . 
A slight variation in p was observed, however, in 
the effect of the 2-methyl substituent on the effect of 
ionisation constants of and 5-substltuted benzoic 
acids. 
The postulated model on addltlvlty and the constancy 
of an ortho-effect has been tested on the ionisation of 
several series of substituted phenols . ^̂  Reaction 
parameters (p-values) for those reaction series are given 
in Table 7-1. 
Table 7-1 
Hammett p-values for the Ionisation of Substituted Phenols 
Reaction Series p-value Ref. 
^-substituted phenols 2.23 85 
4-substituted 2-chlorophenols 2.22 98 
4-substltuted 2-nitrophenols 2.l6 86 
5-substltuted 2-nltrophenols 3.01 99 
4-substituted 2,6-dl-t-butylphenols 3-50 78 
Values of p for the 2-chloro- and 2-nitro-^-substituted 
phenols are very close to that of the parent series, lending 
support for the model. There is a 35^ increase in p for 5-
substituted 2-nitrophenols and a significant increase of 51% 
in the p for the ionisation of 4-substituted 2,6-di-t-butyl-
phenols. The second variation in p is not unexpected as 
there is likely to be substantial interaction between the 
two bulky ortho-t-butyl groups and the -OH reaction centre. 
Interactions of this type and magnitude are expected to 
destroy any simple theory. Shorter has suggested^ ' t h a t 
the combined operation of both steric and polar effects in a 
reaction series renders simple linear free-energy relation-
ships a rarity. 
Hammett type plots of pK^ values versus a~ for the ion-
isation of 4-substituted 2,6-disubstituted phenols investi-
gated in the present work are shown in Figure 7.1. The 
thermodynamic pK values of the phenols are recorded in a 
Table 7-2, and the a or a" values used in Figure 7.1 were 
taken from Exner. if5 
The following observations can be made from these data: 
(i) Each of the 4-X-2,6-disubstituted phenol series of 
the present study, very closely obeyed the Hammett pa 
relationship, providing enhanced sigma (a^) values were 
used for the electron-withdrawing para-substituents. 
(ii) For each of the 2,6-disubstituted series the slope 
of the Hammett plot was greater than that of the parent 
series by at least l6%, According to the postulated model. 
10. 0 -
8.0 
pK 
6 . 0 
•a 
4 . 0 -
Me Bu 
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Figure 7-1 
lonlsatlon•of 4-X-2,6-DlsubstItuted Phenols 
pK^ versus a^ 
— a p-
Key 
H Br 
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+ 
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COCH CN .31 I 
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4-X 
4_X-2,6-Dimethyl 
4-X-2,6-Dlchloro 
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Table 7 -2 
Thermodynamic pK^ values at 25 °C for the lonlsation of Ci 
Substituted Phenols (Present work) 
4- Parent 
Substituent phenols 
2,6-
Dimethyl 
phenols 
2,6-
Dichloro 
phenols 
2,6-
Dlbromo 
phenols 
CH 10.28* 
3 
10.906 7.108 
C(CH ) 10.175 
3 3 
10.870 7.120 7.119 
H 9.95 10.581 6.804 6.673 
Br 9.34* 9.839 6.108 6.044 
CN 7.97* 8.210 4.350 
COCH 8.039 
3 
8.207 4.635 
CHO 7.61 7.702 4.187 4.000 
NO 7.15* 
2 
7.097 3.582 3.394 
*pK^ values of 4-substltuted phenols have been taken from 
reference 25. 
the increases in p-values indicates a lack of constancy of 
an ortho-effect on acid strengths. 
(iii) Each member of the 2,6-dimethyl series, except for 
the 4-nitro compound, was a weaker acid (larger pK^) than 
the corresponding member of the parent series. All dl-
halogenophenols were considerably stronger acids (smaller 
pK 's) than their parent phenol counterparts, a 
(Iv) The values of the slopes for the hindered phenols 
are similar. However, the lines for both dihalogeno-
phenol series are removed by about 3.5 pK units below 
the line for the dimethylphenol series. 
These four observations are now discussed In greater 
detail. 
Obedience to the Hammett Equation 
Table 7-3 records the various data from Hammett 
equation correlations determined by least squares linear 
regression analyses for the four phenol series under con-
sideration. Both the plots In Figure 7-1 and the correl-
ation coefficients In Table 7-3 Indicate that each of the 
four series shows excellent obedience to the Hammett 
equation. 
Table 7-3 
Hammett Equation Correlation Data 
n K/ log 
0 
= p.a-
Slope Corr. No. of Points, % increase 
Series p Intercept Coeff. n in p 
A 2.225 .034 .9998 8 
B 2.722 .055 .9996 8 22 
C 2 . 5 7 2 .034 .9984 7 16 
D 2.654 -.034 .9998 6 19 
A = 4-X-Phenols -, B = 4-X-2,6-Dlmethylphenols 
C = 4-X-2,6-Dlchlorophenols D = 4-X-2,6-Dlbromophenols 
Reaction Parameter, p-values 
Each of the hindered phenol series had an Increased 
p-value over that of the parent series, generally by about 
20^. For the Ionisation of 4-X-2,6-dlmethylphenols the 
present value of p = 2.722 is in close agreement with 
p = 2.70 obtained by Fischer and coworkerswhile for 4-X-
2,6-dichlorophenols the present value of p = 2.572 is only 
slightly lower than Fischer's value of p = 2.61." 
In terms of the postulated model these data suggest 
that there is not a constant additive effect as the result 
of the constant ortho-substitution. Figure 7-1 and Table 
7-3 show that the Hammett plots for the hindered phenol 
series of type lEE do not have slopes parallel to the parent 
series type 1 as predicted by the model. Also there is no 
postulated constant displacement of slopes Pjjj from slope 
p^ giving a measure of the proximity effect of the various 
ortho-R-substituents. 
Signs and magnitudes of reaction parameters are 
sources of valuable information concerning reaction mech-
anisms . ̂  ' ^̂  They give a measure of the sensitivity of 
the equilibrium (or reaction) to electronic substituents**® 
or of the electron demands of the r e a c t i o n . ^ F o r an 
acid Î anion equilibrium, when p is positive, electron-
donating groups decrease the extent of ionisation while 
electron-withdrawing groups increase it. As seen in Figure 
7,1 the electron releasing para-methyl and para-tert-
butyl groups slightly increase the pK^, but on the other 
hand electron-withdrawing groups in the para-position such 
as acetyl, cyano, formyl, and nitro decrease the pK^, 
thereby increasing the acid strength of the phenol. 
Often the magnitude of the reaction parameter gives an 
lOH 
Indication of the need for stabilization of the final state 
relative to the initial state. Stabilization may occur by 
dispersal or concentration of the electronic charge in the 
region of the reaction centre. When the need for stabiliz-
ation is great then the greater is the help or hindrance 
of the more polar substituents and the greater is the 
(absolute) value of p. Increases in the p-values for the 
three hindered phenol series suggest that there is greater 
requirement for stabilization of the hindered anions over 
the non-hindered anions and that the electron-withdrawing 
para-substituents facilitate this need. 
Cohen and Jones predicted and found a substantial 
variation in the p-value for the ionisation of 4-substituted 
2,6-di-;t-butyl phenols in both water and aqueous methanol 
solutions. The 57% increase in the p-value in water solution 
(see Table 7-1) was explained by Cohen and Jones as arising 
from steric inhibition to solvation associated with a 
lessening of the solvation requirements of the -0" function-
al group with increased negative charge délocalisation as 
the electron-withdrawing power of the para-substituent 
increased. They interpreted the lack of a constant ortho-
effect in the presence of two t-butyl groups as due to the 
significant interactions between these groups and the 
reaction site and the resultant influence on solvation of 
the phenoxide anion. 
Table 7-3 records the increase in values of p for the 
present series of phenols. The presence in both ortho-
positions of methyl-, chloro-, or bromo-substituents effect-
ively increases the value of p by about 20^. The increase 
in the value of the Hammett reaction parameter has been 
explained by Fischer and coworkers for the 2,6-dimethyl 
and 2,6-dichloro phenol series after the ideas proposed by 
Cohen and Jones for the increase in p for the ionisation of 
the 2,6-di-t-butyl phenols. The explanation is that the 
presence of the ortho-groups inhibits the ability of water 
molecules to solvate and therefore stabilize the reaction 
centre of the phenoxide anion. The role of this proximity 
effect is most significant in the ionisation of those 
hindered phenols with para-substituents which are either 
electron-releasing and possess negative sigma values or 
those with small positive sigma values. The influence of 
the proximity effect decreases when the para-substituent is 
electron-withdrawing. Considerable direct conjugation is 
expected between the electron-withdrawing group and the 
reaction centre which results in substituent induced changes 
to the electron distribution. A sympathetic change in the 
solvation pattern accompanies the movement of electron 
density away from the hindered reaction site. The nature of 
the 4-substituent in each of the 2,6-disubstituted series is 
the controlling factor in the solvation requirement of the 
functional group. ̂^̂  These effects are shown in Figure 
7.1 where it will be seen that inhibition to solvation 
decreases in importance as the 4-substituent increases in 
its ability to délocalisé the negative charge and lower the 
solvation requirements of the functional group. 
Rochester and Rossall^®^ have observed similar effects 
and have used the same explanatory model for the influence 
of the two ortho-substituents in the Ionisation of 2,6-
disubstltuted phenols in methanol. 
Effects of Di-ortho-Substituents on Acid Strengths 
Modification of the structure of a reactant molecule at 
some position remote from the reaction centre generally 
influences the reactivity indexes through the various 
substituent electronic interaction mechanisms, namely: 
inductive, field, and resonance effects. Great interest has 
also been shown in the effects on reactivity of structural 
changes close to the reaction centre, but the present 
understanding of the influences on reactivity in ortho-
substituted reaction series is less advanced as substituent 
influences arise from complex combinations of electronic 
and proximity effects. 
Numerous investigations ^̂  ̂^̂  ̂ ^̂  102-m . loe-no ^^^^ 
suggested that electrostatic field effects originating in 
substituent monopoles or dipoles in close proximity to the 
reaction centre may exert considerable influence. Replace-
ment of a hydrogen by a different atom or group induces a 
very localised charge distribution and the resultant polar 
effects have been interpreted as being primarily trans-
mitted by the field model, in preference to the inductive 
model, through the molecular cavity or the surrounding 
medium. B o w d e n ^ ^ ' h a s proposed that the electrostatic 
field effects of ortho-substituents are transmitted through 
the molecular cavity and not at all through the surrounding 
medium. Bolton and Hall^ suggested that for highly elect-
ronegative ortho-substituents there is a major disturbance 
of the solvation pattern about the reaction centre caused by 
direct substituent interaction with the surrounding solvent 
molecules. Such a solvent-transmitted field effect is a 
function of the size and electronegativity of the ortho-
substituent. 
Charton and numerous other workers i ' ̂^̂  , 113 
have sought to unravel the nature of proximity effects. 
Charton has suggested that proximity effects can best be 
understood in terms of three factors : 
(i) Proximity electrical effects which are exerted in 
addition to the normal polar and resonance effects. These 
substituent influences may be resolved into contributions 
which are proportional to localised (I) and delocalised (R) 
effects. 
(ii) Steric effects which arise directly from the bulk of 
the substituent. They may affect the equilibrium (or 
reaction) through steric hindrance to solvation, steric 
inhibition of resonance, or steric control of the con-
formation of the reaction centre. 
(iii) Intramolecular secondary bonding forces which may 
consist of hydrogen bonding and/or various types of dipole 
and induced dipole interactions, such as, van der Waals, 
Keesom, Debye and London forces. Charton further stated 
that of these secondary bonding forces, hydrogen bonding 
occurs only in certain cases, and that Keesom, Debye, and 
London forces may be proportional to the localised I effect, 
if in fact, they do make a significant contribution to 
the proximity effect. 
Variations in acid strength of the present phenol 
series arising from 2,6-substitution are now discussed in 
terms of contributions from the possible major ortho-
interaction mechanisms. 
(A) 2,6-Dimethylphenols 
Introduction of alkyl substituents into ortho-positions 
of substituted phenols has been shown 53, ei, 69, 96, loi , 112 , m ^^ 
bring about a significant decrease in acidity for most 
members of the reaction series. In general, this observation 
has been confirmed in the present work (see Figure 7.1 and 
Table 7-2). Several factors contribute to the decreased acid 
strength, and they are as follows: 
(i) The main contribution to increases in pK arises from a 
steric inhibition to solvation of the phenoxide anion 
caused by the bulk of the two ortho-methyl groups. This 
influence has already been discussed in greater detail in 
this chapter under the section on "reaction parameter, p-
values". 
(ii) The presence of two methyl groups adjacent to the 
hydroxyl reaction centre may lead to steric inhibition of 
conjugation of the hydroxyl group and the aromatic ring. 
It has been reported^^^ ' that there is a small but signifi-
cant breakdown of coplanarity between the -OH reaction 
centre and the aromatic ring in 2,6-di-t-butylphenols, and 
to a lesser extent in 2,6-dimethylphenols. It was concluded 
in an extensive review of the influence of steric factors 
on reactions of phenols by Nikiforov and Ershov^^^ that the 
-OH of 2,6-di-t-butylphenols lies in the plane of the 
aromatic ring or close to that position, and at small 
angles of departure from coplanarity the resonance energy and 
electron distribution hardly change. Hence in the case of 2,6-
dimethylphenols the contribution from steric inhibition of 
resonance is expected to be negligible or non-existent. 
(iii) The presence of alkyl groups adjacent to the -OH 
decreases the effective dielectric constant about the react-
ion centre thereby increasing the electrostatic energy of the 
anion. ̂^̂  This leads to decreased acidity. 
(iv) The positive inductive (field) effect of the methyl 
substituents leads to the electronic saturation of the 0-H 
bond, thus reducing the ease of removal of the proton. ' 
Although this contribution is significant it is considered 
small in comparison with the steric hindrance to solvation. 
Ik, 77 
(v) Presence of the two ortho-methyl groups is expected 
to result in a small hyperconjugative (+R) effect which has 
a stabilizing effect on the anion. This small acid strength-
ening influence is not considered to make any substantial 
contribution to the acid strength. ̂^ 
(vi) Increased acidity of alkyl substituted phenols in the 
gas-phase have been attributed to an acid-strengthening 
interaction mechanism which is thought to involve an ion-
induced dipole polarization interaction. The magnitude 
of this substituent effect increases with the size and 
proximity of the alkyl group to the -0" reaction centre of 
the anion. 
In summary, the observed decrease in acidity of the 4-
substituted 2,6-dimethylphenols is primarily attributed to 
the destabilization of the phenoxide anions due to steric 
inhibition to solvation. Several minor contributions from 
hyperconjugative, electrostatic, and polar effects act in 
opposite directions thus cancelling each other, if in fact 
they play any significant role in determining the overall 
ortho-effect of the two methyl groups. Again it is emphasised 
that the importance of the overall ortho-effect of the two 
methyl groups is not constant throughout the reaction series 
but decreases significantly with increasing electron-with-
drawing power of the 4-substituent. 
Of the 256-dimethylphenols studied, the 4-nitro compound 
has a slightly greater acid strength than its non-hindered 
counterpart 4-nitrophenol. The respective pK^ values are a 
7.10 and 7-15 3 giving a change in pK^ of = -.05-a a 
Similarly, increased acidity has been observed for the 
hindered 4-nitro-2,6-di-t-butylphenol over the parent 
compound in water (6pK = -.50),^ 50% aqueous ethanol a 
(6pK = -.40),^® and in methanol (6pK^ -.51). a ^ 
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Cohen and Jones'̂ ® attributed the increased acidity to the 
facile tautomerism between the phenol W and its aci-nitronic 
acid V. 
R = Bu t 
R 
NO 
W V 
Ill 
This explanation is thought to be unlikely by Fischer and 
coworkers,®^ and none of the i.r., u.v., nor n.m.r. spectra / 
give supportive evidence for the existence of significant 
concentrations of the aci-nitronic tautomer in methanol 
solutions of the molecular phenol. 101 
Two possible explanantions have been proposed by 
Rochester and Rossall.^°^ Firstly, they suggested that due to 
the steric inhibition to solvation of the -0~ phenoxide 
group in the hindered anion V]̂ , the more likely structure of 
the anion will be Vll so that it is easily solvated. 
R = Bu t 
0 
Si 
0 0 
VI 
"0 0 
VIE 
Secondly, the steric strain on the functional group -OH 
arising from the proximity effect of the two bulky ortho-
t-butyl substituents might cause some repulsion of the 
proton and therefore contribute to the acid strength of the 
hindered phenol. The contribution from steric strain is 
not expected to be significant in the ionisation of hindered 
phenols with para-substituents possessing small sigma values, 
but it may be significant for the strongly electron-with-
drawing p-nitro-group which interacts via délocalisation of 
the negative charge distribution to relieve the necessity 
for solvation of the phenolic oxygen. 
The preferred explanation of the increased acidity of 
4-nitro-2,6-dimethylphenol over 4-nitrophenol in the present 
work is similar to the former suggestion of Rochester and 
Rossall. Due to the strong electron-withdrawal of the 4-
nitrogroup the hindered anion takes on structure 
(R = Me) in preference to YX facilitate the stabilizing 
effects of solvation. 
(B) 2 3 6-Dihalogenophenols 
Replacement of the two ortho-methyl groups by either 
two chloro- or two bromo-substituents caused a marked 
increase in acidity. The fall in pK^ was about 3-5 pK units a 
for corresponding phenols throughout the range of para-
substituents reflecting the different polar nature of the 
halogens groups to that of the methyl group. The overall 
ortho-effect of the halogeno-substituents results from 
contributions of the following: 
(i) Steric effects arising from the bulk of the CI or 
Br atoms are expected to be similar in nature and magnitude 
to those of the methyl group^ since all three groups have 
approximately equal van der Waals' radii. 
(ii) Halogeno-substituents exert a relatively large 
electron-withdrawing field/inductive effect leading to 
internal stabilization of the phenoxide anion and thereby 
increasing the acid strength. ̂^ ̂  ̂^̂  
(iii) In the gas-phase resonance effects of ortho-halogen 
atoms have been observed to have a slight destabilizing 
influence."^ The influence was interpreted as an electron-
donating resonance interaction operating through the 
p-orbitals of the halogen atoms. Bolton and Hepler^^ have 
suggested that the resonance effects of chlorine and bromine 
are negligible in the aqueous phase. 
(iv) Chapman, Shorter, and coworkers ̂^̂  ' regard halogens 
as substituents which can exert a polar effect through a 
positive pole on the ring carbon and an equal negative pole 
on the halogen. 
(v) There is evidence for the stabilizing effect of the 
0-H...X intra-molecular hydrogen bond in ortho-halogeno-
phenols. ̂^̂  heat of formation of the hydrogen bond 
is low and varies from 2.4 to 1.7 kcal mol from o-chloro to 
o-iodophenol. ̂^ ' Contributions from this type of substit-
uent interaction are not thought, by O^Hara and Hepler,^^ 
to be significant in the ionisation of halogeno-
phenols. 
In summary, the ortho-chloro and ortho-bromo substit-
uents have strong electron-withdrawing polar effects (-1) 
and weak electron-releasing resonance effects (+R). The 
resulting overall electron-withdrawing effect tends to 
délocalisé the negative charge on the phenoxide anion, 
promoting anion stability and increasing the acid strength. 
The steric effects of the halogeno-atoms oppose the polar 
effects, as they preclude solvation, destabilize the anion 
and tend to raise the pK value thereby lowering acid a 
strength. Prediction of a net ortho-halogeno effect on acid 
strength requires some quantitative relationship between the 
opposed polar and steric effects. 
The Hammett plots of pK^ versus sigma in Figure 7 -1 for a 
the hindered and non-hindered phenol series show that the 
polar effect of the halogen substituents is dominant, as 
there is a considerable strengthening of acidity in the 
2,6-dichloro- and 2,6-dibromophenol series. Movement of 
negative charge away from the -0~ reaction centre to the 
neighbouring ortho-halogen atoms via their electron-
withdrawing polar effect increases the size of the solvation 
site and tends therefore to nullify the steric inhibition 
to solvation of the phenolic oxygen in the anion. 
Parallelism of Hammett Plots for Hindered Phenols 
There exists a considerable degree of parallelism in 
the Hammett plots for the 2,6-dimethyl-, 2,6-dichloro-, and 
2,6-dibromo-phenol series as can be seen in Figure 7.1 and 
the respective values of p of 2.722, 2.572, and 2.65^ 
(Table 7-3). This suggests, firstly, that the steric effects 
of the ortho-dihalogeno substituents may behave in a manner 
similar to those the ortho-dimethyl substituents as would 
be expected on the basis of their similar van der Waals' 
radii. The increase in the p-value for 4-substituted 2,6-
dimethyl-phenols over the non-hindered 4-substituted phenols 
has been attributed almost entirely to the steric effects of 
the methyl groups. Since the increase in p is about the 
same for the 2,6-dichloro- and 2,6-dibromophenols it appears 
that the steric effects of the chloro- and bromo- substit-
uents are very similar in nature and magnitude to those of 
the methyl groups in the ionisation of 2,6-disubstituted 
phenol series. 
Secondly, the parallelism implies that the polar 
effects of the ortho-halogeno substltuents remain approx-
imately constant throughout the two series. Since the 
importance of the steric effects of the ortho-substituents 
on the acidity constants decreases with an increase in the 
Sigma value of the para-substituent applies equally for all 
three series of hindered phenols, it appears that this 
regular trend has not been complicated by variations 
throughout the reaction series in the importance of the 
polar effects of the ortho-halogeno-substituents. 
The values of pK for the ionisation of 4-formyl-2,6-a 
dimethylphenol and 4-nitro-2,6-dimethylphenol have been 
found to be almost the same as the pK values for the a 
ionisation of the non-hindered 4-formyl- and 4-nitro-
phenols (see Table 7-2). Thus it appears that the pK^ values 
for these two hindered phenols can be explained in terms of 
polar and resonance effects of the para-substituents alone, 
without the necessity of considering the steric factors 
of the ortho-methyl groups. From the parallelism in Hammett 
equation plots it then follows that the acidity constants 
of 4-formyl- and 4-nitro-2,6-dichloro- and 2,6-dibromophenols 
might almost solely be explained in terms of the polar and 
resonance interaction mechanisms of the various substituents. 
CHAPTER 8 
OBEDIENCE TO THE ISOEQUILIBRIUM RELATIONSHIP 
The Isoequlllbrlum Relationship 
Several theoretical analyses have been made of the 
necessary conditions for any two-parameter linear free-
energy relationship such as the Hammett equation to hold 
for two reaction series A and b. ^̂^ Wells''̂ '̂'̂  
proposed that two conditions must be upheld by both re-
acting series for the validity of any such linear free-
energy relationship. These conditions are: 
(i) that only a single interaction mechanism operates, 
such that, changes in the free-energy can be expressed as 
a function of an independent variable x, viz, 
^"air^T = S 
(il) for the two series, A and B, the ratio 
ID r\ 
mains constant throughout the range of variation of the 
variable. 
When these two conditions are upheld then relations 
of the type (8.1) are expected to apply to the two series 
g T 
61og K = ^ . . 6log K (8.1) 
^A B 
In the case of the Hammett equation where series A is the 
defining reaction series, then 
61og K^ = a ....a substituent parameter 
and — = p a reaction parameter, 
^A B 
When multiple Interaction mechanisms govern the changes 
In free-energy then the simple two-parameter equation Is 
valid only when the Independent variables etc, In the 
expression for AG° do not change Independently but vary In 
proportion to changes In the variable x. Reaction series 
exhibiting multiple Interaction mechanisms which vary 
Independently of each other are not expected to conform to 
equations of the type (8.1). 
Combination of the second criterion above and the 
relation AG° = AH° - TAS°, leads to 
8AG° 8AS° 
-â3r= -T3r) (s-^) 
where "c" Is a proportionality constant. Relationship (8.2) 
suggests three broad categories of thermodynamic behaviour, 
each of which obeys the Hammett free-energy relationship, viz. 
(I) isoentroplc series In which there Is no change In 
entropy with substituent. I.e. 
= 0 (8.3) 8x 
(II) Isoenthalplc series In which changes of substituent 
leave enthalpy unchanged. I.e. 
Miil = 0 (8.4) 8x 
(ill) Isoequlllbrlum series where enthalpy and entropy are 
linearly related,I.e. 
m ^ = e iAsi (8.5) 3x 8x 
being an isoequillbrium proportionality constant. 
In isoequilibrium reaction series free-energy, enthalpy and 
entropy are related by 
ÔAG" = - T)ÔAS° (8.6) 
and 6AG° = y d - (8.7) 
"y" being a proportionality constant. 
Ritchie and Sager^^ showed that for all the reaction 
series which do obey the Hammett relation, there are but few 
which in fact follow any of these three categories of thermo-
dynamic behaviour. They proposed that a fourth category be 
recognised. 
(iv) Random series in which the enthalpy and entropy vary 
apparently independently of each other, but the reaction 
series obeys the Hammett equation. 
Originally it was widely believed that for the validity 
of the Hammett equation to be upheld then the reaction series 
were to follow isoentropic behaviour. This appears to 
be quite uncommon. Later it was thought that the 
Hammett equation applied only to those reaction series which 
followed isoequilibrium (isokinetic) behaviour. Again this 
assumption is no longer accepted as a necessary condition 
for its validity. Since many reaction series, 
and in particular the standard reaction of the ionisation of 
benzoic acids, follow random thermodynamic behaviour Shorter 
has claimed that the empirical success of the Hammett 
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equation is somewhat of a mystery. Recent evidence 
however does suggest that there is in fact reasonable 
linearity between the thermodynamic functions of ionisation 
of substituted benzoic acids. 
Leffler®^ has pointed out that in general no simple nor 
accurate relationship exists between substituent-induced 
effects on free-energies and the effects on potential energy 
quantities such as resonance energy, and the energy of 
electron displacement. Neither are changes in enthalpy 
simple functions of potential energy changes, and one has to 
bear in mind that all thermodynamic functions of ionisation 
depend upon the kinetic energies of the molecules. Gould^^^ 
has submitted that the Hammett equation is applicable only 
to those series in which kinetic energy effects are either 
negligible or proportional to the potential energy effects. 
Despite the lack of direct relationships between fundamental 
potential energies and observable thermodynamic functions 
the Hammett equation does work empirically for reaction 
series in which structural changes affect these quantities. 
The existence of linear free-energy relationships for 
reaction series which do not show isoequilibrium behaviour 
implies that enthalpy and entropy changes are affected 
by factors which are not reflected in the free-energy 
changes. For many cases, a possible explanation for the 
empirical success of the Hammett relationship lies in the 
postulate that while both the potential and kinetic energies 
change whenever there are substituent induced changes in 
enthalpy and entropy, there is a considerable cancelling of 
kinetic energy effects in the expression for the free-energy 
change AG° = AH° - TAS°. This is known as the "compensation 
effect", and in general, the changes In AH° and TAS° 
resulting from substitution cause these two thermodynamic 
quantities to vary in the same direction so that they tend 
to self-cancel in aG° . ^̂ ^ ' ̂ ^̂  Thus changes in 
log K are often good measures of the potential energy 
effects, which are the influences generally considered in 
explanations of substituent effects on reactivity. 
Hansen and Hepler^^ made a theoretical analysis of 
symmetric ionisation reactions written in a simplified form 
as equation (4.3), renumbered for this chapter as equation 
(8.8). 
^ ^ s ) ^Is) < = ' + HR(^) (8.8) 
where the solvent is represented by s. Non-steric substituent 
effects were considered as a combination of two substituent 
interaction mechanisms for convenience called field and 
resonance effects.They concluded that for a reaction series 
containing a wide range of substituents that correlations of 
ôAH° with ÔAS° should not be generally expected. Another 
conclusion from their work was that an isoequilibrium 
relationship can be expected only when temperature independ-
ent substituent resonance effects are negligible in 
comparison to temperature dependent substituent field 
effects. 
From rigorous thermodynamic analysis of the Hammett 
equation applied to symmetric reactions of the above type 
(equation (8.8)), Hepler and coworkers^ ^ ,127,130 ^^^^ 
shown that : 
(i) for the pa relationship to hold with exact validity 
over a range of temperature then the entropy changes must be 
proportional to enthalpy changes, and 
(ii) for a reaction series which obeys the Hammett equation 
and for which AC^ = 0, then as a thermodynamic consequence 
there will be a linear relationship between any two of the 
thermodynamic functions of ionisation. With regard to the 
requirement of AC^ = 0, Leffler®^ suggested that AH° and AS° 
be considered temperature independent over the temperature 
range for most practical purposes. Also, Hepler^^ has stated 
that since the accuracy of most empirical evidence limits 
consideration of ôAH° and ôAS° to being temperature independ-
ent, it is reasonable to consider ôAC° = 0 for most reaction 
P 
series. 
Support for Hepler^s two conclusions given above is to 
be found in the dichotomised enthalpy-entropy approach, ̂^ ' 
the electrostatic model for ion-solvent interactions,^'^ and 
from empirical evidence for ionisation of carboxylic acidŝ *̂̂  
and phenols. ̂^ 
Under certain circumstances substituent effects can be 
separated into such interaction mechanisms as field/inductive, 
resonance, steric, or solvation effects. If one and the same 
interaction mechanism operates in two different reaction 
series then it is expected that simple relationships will 
exist between (SAG° , ÔAH° , and ôAS° for the two series.®^ 
Failure of the isoequilibrium relationship to hold is taken 
as sure evidence that either the interaction mechanism is not 
constant, or that multiple interaction mechanisms are 
operating. ^̂^ ' ̂ ^^When substituent effects are a combination 
of two or more interaction mechanisms then 6AH° and 6AS° 
become complex quantities and simple proportionality between 
them Is generally lost. 
Both Ritchie and Sager^^ and Exner*̂ '̂ ^̂^ have pointed out 
that much early empirical evidence for Isoequlllbrlum 
relationships Is to be questioned. The usual procedure for 
calculating AH° and AS° from experimental AG° values uses 
van^t Hoff type equations thus negating any statistical 
Independence of AH° and AS°. Errors In AH° measurement are 
mirrored In the calculation of TAS° and In some cases the 
experimental errors are sufficiently large to explain 
reported Isoequlllbrlum (Isokinetic) relationships. 
Obedience to the Isoequlllbrlum Relationship by Hindered 
Phenols 
For most reaction series the "compensation effect" 
functions so as to cause AH° and AS° to vary In the same 
direction. In the 4-substltuted phenols and each of the 
present hindered phenol series substituent changes cause 
AH° and AS° to vary In opposite directions. This can be seen 
In the summary of the thermodynamic quantities of Ionisation 
In Table 6-8 which shows that as AH° Increases AS° becomes 
more negative. A similar movement In the thermodynamic 
quantities for the Ionisation of me^-substituted phenols was 
Interpreted by Bolton and coworkers^^ as a sign of an 
Isoequlllbrlum relationship of negative slope. 
Chen and Laldler^^ reported fair linearity In relation-
ships between A G ° a n d AS° for a series of eight alkyl-
substltuted phenols. Bolton, Hall, and Reece^^ made a comp-
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rehensive statistical analysis on the proportionality 
existing between the thermodynamic quantities of Ionisation 
of thirty-eight phenols covering an extensive range of 
substltuents. They found a high degree of proportionality 
between values of AG°, AH° and AS® for ortho-, para-, and 
poly-substltuted phenols, but not for meta-substltuted 
phenols. Rochester and Rossal]^^^ have observed a good 
correlation between AG° and AS° for various mono- and dl-
substltuted phenols In methanol. Included In their series of 
phenols were the 2-t-butyl and 2,6-dl-t-butyl substituted 
compounds. 
On the basis of the unreliability of AHVAS° plots when 
both of these quantities have been derived from experimental 
AG° values by van't Hoff type equations, and since there Is 
greater precision In the values of AG° and AS° of the present 
work, the existence of an Isoequlllbrlum relationship has 
been tested using correlations of free-energies against 
entropies of Ionisation. Table 8-1 summarises the statistical 
analysis on the proportionalities between AGVAS° and AGVAH°^ 
and Figure 8.1,a plot of AG° vs AS° for the Ionisation of 
4-substltuted 2,6-dlchlorophenols has been Included as a 
representative plot. It can be seen from these data that 
there Is a high degree of linear proportionality between 
AG° and AS° and a lesser but still significant degree of 
proportionality between AG° and AH°, the latter reflects the 
greater uncertainty In AH° values. These good correlations 
lead to the following two conclusions: 
(1) that. In general, the Ionisation of 4-substltuted 
Table 8-1 
Statistical Analyses of Isoequlllbrlum Relationships 
Phenol n AG° vs AS° AG° vs AH° 
Series Corr. coeff. C.L,% Slope Corr. coeff. C.L,% Slope 
9 .961 99.5 -422 .820 99.5 3.45 
8 .962 99.9 -394 .835 99.0 2.32 
B 8 .917 99.9 -437 .846 99.0 1.71 
C 7 .982 99.9 -547 .978 99.9 2.02 
D 6 .984 99.9 -509 .976 99.9 2.20 
B = 4-X-256-dlmethylphenols 
D = 4-X-256-dlbromophenols 
C = 4-X-2,6-dlchlorophenols 
* u values taken from ref.l2. contains the 8 para-substltuents relevent to the present work. 
"^confidence limits from a Student's t-test,representing the confidence that the sample Is not 
drawn from uncorrelated data, ref.^7,136. 
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Table 8-2 
Isoequlllbrlum Temperatures for the lonlsatlon of Phenols at 25 C 
Phenol 
Series 
m-substltuted 
m-substltuted 
o-substltuted 
p-substItuted 
o- and p-substltuted 
poly-substituted * 
p-substltuted 
4-X-2,6-dimethylphenol 
4-X-2 J 6-dlchlorophenol 
4-X-2 5 6-dlbromophenol 
n 
6 
9 
15 
14 
8 
8 
7 
6 
Slope of 
a g V a s ° , 
-367 
-410 
-422 
-419 
-470 
-394 
-437 
-547 
-509 
Isoeaullibrlum 
Temp., ° K 
- 69 
- 52 
-130 
-144 
-121 
-192 
- 96 
-139 
-249 
-211 
Reference 
12 
45 
13 
13 
13 
13 
present work 
present work 
present work 
contains the 8 para-substltuted phenols relevent to the present work. r\j â  
2,6-dlmethyl-,2,6-dichloro-, and 2,6-dibromophenols in 
aqueous solution follow isoequillbrlum behaviour. The 
implication of this is 
(ii) that there is some dominant substituent interaction 
mechanism. 
An isoequilibrium temperature can be calculated from 
the slope,!!, of the linear proportionality between ÔAG° and 
ôAS° and the temperature, T, of measurement, as follows: 
6AG° = n.ôAS^ 
Combination with 
ÔAG° = 6AH° - TÔAS® 
leads to ÔAH° - TÔAS° = n.6AS° 
or 6AH° = (T + ti)6AS^ 
Thus an isoequilibrium temperature, ^^ , may be cal-
culated from = T + n. Values for the isoequilibrium 
temperatures calculated in this way are recorded in Table 
8-2. It is seen that for different series of phenols there 
is considerable variation in the values for the isoequil-
ibrium temperature. The variation in ^^ is dependent on the 
position, nature and degree of substitution, and as Bolton, 
Hall, and Reece^^ have emphasised, isoequilibrium temper-
atures are not constants. They are functions of temperature 
arising out of the appreciable variation of AH° with 
temperature. 
Conformity of the thermodynamic quantities of ion-
isation of ortho-, para-, and ortho+para-substituted phenols 
to simple linear free-energy relationships lead Bolton, Hall 
and Reece^^'^^ to the conclusion that one and the same 
dominant substituent interaction mechanism operates in these 
reaction series. Briefly, the interaction mechanism that they 
postulated is a substituent induced disturbance of the TT-
electron density of the aromatic ring causing changes in the 
solvation pattern of the phenoxide anion and this is in turn 
reflected in the entropies of ionisation. General corrobor-
ative evidence comes from the observation that substituent 
effects on the free-energies of ionisation of phenols are 
primarily related to changes in entropies of ionisation. 
12,13,17,34, 122 , 133 , 137 -139 Krygowski and Fawcett^^ have suggested 
that in general the observed substituent effects on free-
energies of phenols are composed of an 88^ entropy con-
tribution and only a \2% enthalpy contribution. This 
postulated dominant substituent interaction mechanism is 
also in accord with explanations given for variations in 
acid strengths of VX-2,6-di-t-butylphenols by Cohen and 
Jones,^ 4-X-2,6-dimethyl and 4-X-2,6-dichlorophenols by 
Fischer, Leary, Topsom, and Vaughan,^^ ^̂  and substituted 
phenols in methanol and methanol/water mixtures by Rochester 
and Rossall.^°^ 
The evidence from the isoequilibrium relationships 
for the ionisation of the present hindered phenols leads to 
the interpretation that a dominant substituent interaction 
mechanism of similar nature, to that for ortho- and para-
substituted phenols, is in fact, operative in these series 
as well. 
Aromatic systems containing a conjugating reaction 
centre tend to have ir-electron density localised in the 
ortho- and para-positions of the ring. The -OH functional 
group in phenols is such a conjugating reaction centre and 
substituents ortho- and para- to this may be expected to 
show considerable direct conjugative interaction. In the 
present series the dominant interaction mechanism would 
appear to be the délocalisation of the 7T-electron distrib-
ution by the para-substituents causing large changes in the 
solvation requirements of the corresponding anion. In 
general, the more effectively the para-substituent délocal-
isés the charge on the phenoxide anion the smaller is the 
solvation requirement around the -0 functional group and 
the less negative is the AS° value. 
The Validity of the Hammett Equation to Present Phenols over 
a Temperature Range 
Hepler^^ has observed from empirical evidence that, in 
general, reaction series which obey the Hammett equation at 
one temperature show obedience to it at other temperatures. 
A similar conclusion results from a rigorous thermodynamic 
analysis by Hepler of reaction series which obey the Hammett 
pa relationship and show isoequilibrium behaviour, in that 
the Hammett equation is expected to be exactly valid over a 
range of temperature for such series. This conclusion is 
supported by the results of a statistical analysis on the 
Hammett relation correlations for the ionisation of the 
present phenols over the temperature range 5° to 50°. The 
data from this analysis is found in Table 8-3. It can be 
seen that for all three series the correlation is as good 
Table 8-3 
Validity of Hammett Relationship over a Temperature Range 
Phenol Series Temp ° C P. Intercept Corr, coeff n 
4-X-2,6-dlniethyl 5 2.81 .063 .999 8 
4-X-2,6-dlmethyl 25 2.72 .055 .999 8 
4-X-2,6-dlmethyl 50 2,63 .056 .999 8 
4-X-2,6~dichloro 5 2 .67 .036 .999 7 
4-X-2,6-dichloro 25 2.57 .034 .998 7 
4-X-2,6-dlchloro 40 2.52 .03 .999 7 
4-X-2,6-dlbroino 5 2.73 -.044 .999 6 
4-X-2 5 6-dlbromo 25 2.65 -.034 .999 6 
4-X-2,6-dlbromo 40 2.60 -.028 .999 6 
uo o 
at the extremes of the experimental temperature range as 
at the standard temperature of measurement, namely 25°. 
Temperature Independence of the Reaction Parameter,p 
The reaction parameter p has been found to be independ-
ent of temperature over the range 10-55° for the ionisation 
of meta-substituted phenols. ̂^ From a theoretical analysis 
Wells'^'has shown that this type of behaviour is expected 
for isoenthalpic reaction series which obey the Hammett 
equation. Exner and Beranek̂ '̂ ° have presented evidence in 
support of the isoenthalpic behaviour of the meta-
substituted phenols. 
For those isoequilibrium series in which enthalpy and 
entropy changes vary with temperature but not independently 
of each other, the reaction parameter p is expected to be 
nearly proportional to l̂ ŝ, 1273IW however, Hepler^^ suggests 
that slight curvature may occur in graphs of p versus ^ 
when ôAC° 0. P 
The p-values over the experimental temperature range 
for the present three phenol series are presented in Table 
8-4 and graphed in Figure 8.2. The graphs of p versus T"^ 
for the 2,6-dimethyl- and 2,6-dibromophenols exhibit 
excellent linear proportionality between the two quantities, 
while slight curvature occurs at lower T"^ values (i.e. 
higher experimental temperatures) for the ionisation of 
2,6-dichlorophenols. These results are corroborative 
evidence for the isoequilibrium behaviour of the three 
series and suggest that there is little if any variation 
2.8 -n 
2.7 -
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Figure 8.2 
Reaction Parameter p versus T""̂  
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I n AC° over the r e a c t i o n s e r i e s , that i s , 6AC° i s c l o s e to 
P P 
zero. The AC^ v a l u e s seen i n Table 6 - 9 , w i t h i n the l i m i t s 
of u n c e r t a i n t y , determined i n t h i s study lend support to 
t h i s s u g g e s t i o n . 
T a b l e 
R e a c t i o n Parameter p - v a l u e s over the Exper imenta l Temperature 
Range 
Temple p - V a l u e of Phenol S e r i e s T"^ x 10^ 
B* C * D* 
5 2.806 2.670 2 .734 3.595 
1 0 2. 781 2.644 2 . 7 1 1 3 .532 
1 5 2 .760 2.620 2.689 3.470 
20 2 . 7 4 2 2.599 2.670 3 . 4 1 1 
25 2 , 7 2 2 2 . 5 7 2 2.654 3.354 
30 2.704 2 .555 2 .632 3.299 
35 2.685 2 .538 2 . 6 1 4 3.245 
40 2.664 2.520 2.596 3 . 1 9 3 
45 2 ,647 2.508 2.580 3 . 1 4 3 
50 2 .629 2.493 2.564 3.095 
*B = 2 , 6 - d i m e t h y l p h e n o l s *C = 2 , 6 - d i c h l o r o p h e n o l s 
D = 2 ,6-d ibromophenols 
CHAPTER 9 
INTERPRETATION OF SUBSTITUENT EFFECTS ON ENTHALPIES AND 
ENTROPIES OF IONISATION 
Enthalpies of Ionisation 
It has long been recognised by Hammett and otherŝ '̂ '̂ '̂̂ '̂ ^ 
that substituent effects on the ionisation of acids can be 
usefully interpreted in terms of temperature dependent 
properties of the solvent and temperature independent 
properties of the solute species. Hepler's dichotomised 
enthalpy-entropy model which was briefly discussed in Chap-
ter 4 is one such approach. 
We briefly discussed in Chapter 8 the various types 
of possible thermodynamic behaviour of reaction series 
which obey the Hammett relationship. It was noted there 
that many reaction series which obey that relationship do 
not meet the assumed necessary thermodynamic requirements, 
and that this type of behaviour has been described by 
Shorteras nothing short of mysterious. This apparent 
mystery of obedience to the Hammett equation while AH° 
and AS° vary seemingly independently of each other often 
can be reasonably well explained in terms of the compen-
sation effect and the Hepler dichotomised enthalpy-entropy 
approach. It has been stated^^ that currently these models 
probably provide the best available interpretations of the 
partial compensation of enthalpies and entropies in free-
energies of ionisation. 
Traditional explanations of the enthalpy changes for 
symmetric ionisation reactions (c.f. equation (8.8)) have 
taken into account substituent induced polar, resonance, 
and steric effects on the energy changes which occur with-
in the acid (i.e. internal enthalpy changes, 
resulting from the ionisation of the proton and the gain of 
the negative charge. Since the ôAH^^^ value is a measure 
of the energy required to break one mole of 0-H bonds it is 
often more useful than the composite ôAH° value, as it is 
easier to fit simple theories to internal enthalpy effects. 
oq 
' It is equally important, however, to consider energy 
effects arising outside the acid and anion resulting from 
differences in the interaction energies of solvation of the 
various solute species brought about by substituent induced 
disturbances in electron distribution.^^ ' ̂ ^ Furthermore, 
field, inductive, resonance and steric effects not only 
influence the free-energies and enthalpies but the entropies 
of ionisation as well. 
The Kepler model shows that a direct result of the 
compensation of environmental enthalpies and entropies (i.e. 
ôAH^^^ and leads to equation (4.18): 
SAG' - ÖAH.^^ (1 + Y). 
This relationship justifies the idea that polar and resonance 
substituent effects, reflected in are proportional 
to ÔAG° and therefore ôpK values, ̂^ From the suggested a 
proportionality of the Hepler model 
6AH = 3 6AS = 3 env "̂ e env '̂ e 
and 6AH° = 6AH. ^ + ÔAH int env 
it follows that 
6AH. ^ = ÔAH° - 3 6AS®. int e 
On the basis of evidence from numerous investigations^*^' 
77,85 ^^ g ^^ 300°K for the ionisation of phenols 
in aqueous solution near room temperature. Values of ôAH^^^ 
and calculated from the above equations are tabulated 
in Table 9-1, and plots for against a" for the 
various phenol series are recorded in Figure 9.1. From the 
excellent correlations of pK (or AG°) against a" for the a p 
present phenols and the approximate relation between 6AG° 
and ôAH^^^, it is not unexpected that ôAH^^^is well correl-
ated by a~ . 
Figure 9-1 shows that the slopes of the vs 
a" plots are different for each of the four phenol series 
under consideration, possibly reflecting differences in the 
field and inductance effects of the different ortho-
substituents. The general trend in each plot is for 
to decrease as the value of sigma increases, suggesting that 
variations in are explained primarily by the polar 
and resonance interactions of the para-substituent. Direct 
conjugative interaction between the para-substituent and the 
phenolic reaction centre increases with the increase in the 
value of sigma (ci") leading to greater délocalisation of the 
negative charge away from the functional group. 
Table 9-1 
Internal and Environmental Enthalpies for the Ionisation 
of Phenols 
6AH. . int 6AH env 6AH. ^ int 6AH env 
* A B * C 
CH 
3 -0.39 0.41 -0.32 0.44 
C(CH ) 
3 3 
-0.i|2 0.26 -0 .17 0.40 
H 0 0 0 0 
Br 1,04 -0.78 0.78 -0.94 
CN 1.88 -2.60 1.62 -3.11 
COCH 
3 
1.32 -2.55 0.98 -3.17 
CHO 1.71 -3.09 1.51 -3.83 
NO 2.83 -3.66 3.47 -4 .52 
D 
CH 
3 
C(CH ) 
3 3 -0.33 0.4 
H 0 0 
Br 0.56 -0.92 
CN 1.52 -3.27 
COCH 
3 
1.26 -2.89 
CHO 1.49 -3.47 
NO 
2 
2.41 -4.24 
* A = 4-Substituent B = 
0.0 
-0 .11 
0 
0.73 
1.83 
2.83 
0.58 
0.60 
0 
-0.81 
-3.53 
-4.31 
phenols 
D = i4-X-2 , 6-dlchlorophenols E = 4-X-2 , 6-dibromophenols 
¿I-X 
4-X-2,6-Dimethyl 
4-X-2,6-Dlchloro 
4-X-2,6-Dlbromo 
M UO oo 
The consequent stabilization of the anion is associated 
with the greater ease in breaking the 0-H bond which is 
directly reflected in the lowering of values. 
Entropies of Ionisation 
A close examination of entropy effects in the hindered 
phenols compared with the non-hindered is suggested by: 
(i) the well-accepted concept of entropy control of 
changes in the free-energies of ionisation of phenols, 
(ii) the implied similarity in steric behaviour of the 
2,6-dimethyl-, 2,6-dichloro-, 2,6-dibromo-, and 2,6-di-t-
butyl-substituents on the ionisation of phenols, and 
(iii) the postulate that the same substituent interaction 
mechanism dominates the ionisation of both the simple 
substituted phenols and the hindered phenols. Each of these 
three points has been discussed in some detail in Chapters 
7 and 8. 
The question arises as to whether the dominant sub-
stituent interaction mechanism operates with the same nature 
and magnitude in each of the different phenol series. If one 
and the same substituent interaction mechanism operates in 
the non-hindered series as well as in the hindered series, 
then it is expected that this would be revealed in a plot 
of a suitable reactivity index for the hindered series 
against the same index for the non-hindered series. 
The postulated dominant substituent interaction mech-
anism for each of the four phenol series is that increasing 
electron-withdrawal by the para-substituent induces changes 
to the TT-electron distribution of the aromatic ring which 
cause sympathetic changes in the solvation pattern of the 
phenoxide anion and facilitates breaking of the 0-H bond. 
Variations in the solvation pattern of the solute species 
are reflected in changes in entropies of ionisation, and 
empirical evidence indicates that substituent effects on 
free-energies of ionisation of phenols are governed prim-
arily by entropy changes. Therefore AS° is a suitable 
reactivity index for testing equivalence of operation of 
the postulated interaction mechanism in the different 
phenol series. Equivalence of operation might be expected 
since the variable substituents governing the interaction 
mechanism are the same para-substituents in each of the 
four series. Any equivalence is here tested by correlating 
AS^ (hindered) against AS^ (non-hindered). Similarity in 
the nature of the interaction mechanism would be expected 
to be revealed by the degree of proportionality existing 
between AS^ and AS^ , while the magnitude of operation in 
the different series should be reflected in the slopes of 
the correlations. 
Results of the AS^ versus AS^ regression analyses are 
given in Table 9-2. The correlation of AS^ versus AS^ for 
the 4-X-2,6-dimethylphenols is significantly improved by 
omitting the 4-nitro- compound. The very good to excellent 
correlations for each of the hindered phenol series against 
the non-hindered series strongly supports the conclusion 
that the same dominant substituent interaction mechanism 
does operate in each of the four series. 
1^1 
Table 9-2 
AS^ versus AS^ : Correlation Analysis 
Phenol Series Slope Corr. coeff n 
lj_X-2,6-dlmethyl 1.024 .965 8 
4-X-2,6-dlinethyl .805 .993 7 
(without NO ) 
2 
4_X-2,6-dlchloro .850 .988 7 
4-X-2,6-dlbromo .905 .984 6 
That the slopes for the proportionalities are consider-
ably less than unity suggests that there are differences In 
the magnitudes of operation of the dominant Interaction 
mechanism in the different series. This finding is supported 
by differences in the simple average percent entropy con-
tribution to free-energies of ionisation, namely 
4-X-phenols 
4-X-2,6-dlmethylphenols 65^ 
4-X-2,6-dichlorophenols 8l^ 
4-X-2,6-dibromophenols 80^ 
It is normal practice to correlate free-energies of 
ionisation of para-substituted phenols against enhanced 
sigma values (ci")• This deviation from the standard Hammett 
relationship is necessitated by the "cross-conjugation" 
between the para-substituent and the reaction centre of the 
phenoxide anion. Johnson*^ has emphasised that the need for 
modified a values arises not from cross-conjugation per se  
but from a change in the cross-conjugation between one side 
of the thermodynamic equilibrium and the other. Bolton, Hall 
and Reece have observed^^^ that in contrast to AG° , the AS® 
values for the Ionisation of para-substituted phenols are 
better correlated by unbiased sigma values (i.e. a°or a^) 
than by the enhanced values. The hindered phenols of the 
present work exhibit similar very good proportionalities 
between free-energies of ionisation and a^, and entropies 
of ionisation and a^. Table 9-3 lists the correlation 
coefficients (R) for the correlations of free-energy 
against a" and a^ , as well as entropy against a~ and a^. 
Table 9-3 
Phenol R R R R n 
Series AG°vs a AG° vs AS® vs a AS® vs P P P P 
.999 .963 .706 .987 8 
B .999 .961 .566 .931 8 
C .998 .966 .979 .980 7 
D .999 .974 .982 .986 6 
* Sigma values (a and were taken from Exner reference 45. P P 
^contains the 8 para-substituents relevant to the present work 
A = para-substituted phenols B = 4-X-2,6-dimethylphenols 
C = 4-X-2,6-dichlorophenols D = 4-X-2,6-dibromophenols 
The scale was determined for reactions in which 
through-conjugation was absent between the functional group 
on the side chain and the substituent on the aromatic ring. 
Since for the ionisation of phenols AG° is well correl' 
ated by a" but AS° is not, this suggests that the factors 
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which cause the AG° values of phenols with electron-with-
drawing para-substituents to deviate from the normal Hammett 
relationship affect primarily the enthalpy changes and not 
the entropy changes. We infer that they are internal effects 
resulting from the marked differences in the substituent 
resonance interaction within the molecular phenol and its 
phenoxide anion. In terms of the Hepler model these internal 
effects show up in which in turn are directly 
reflected in 6AG°, The sum total of environmental effects 
resulting from molecular and anion solute-solvent interactions 
cause 6AS° and 6AH° to be far more complicated quantities 
but tend to cancel each other leaving 6AG° a relatively 
simple quantity and therefore more easily explained. 
Evans and Hamann̂ "̂ ^ explained differences in entropies 
of ionisation of ammonium and alkyl ammonium ions, represent-
ed by equation (9.1) 
R R R NHt N > R R R N/ ^^ + Ht N 
1 2 3 Caq) 1 2 3 (aq) (aq) ,..C9.1) 
in terms of: 
Ci)_ The significant ordering in the solvent brought about 
by the interaction between water molecules and the positive 
charge on the ammonium ion. The greater the order about the 
ammonium cation the smaller the AS° value, 
(ii) The diminution of this solvent ordering due to 
restriction of the approach of solvating molecules. Progress-
ive replacement of hydrogen atoms by alkyl groups leads to 
greater disorder about the alkyl ammonium cation with respect 
to the combined order about the amine and the solvated proton. 
Figure 9.2 is a schematic representation for this model of 
the entropy effects. 
Figure 9.2 
Schematic Diagram for the Entropies of Reaction 9-1 
R R R NHT X 1 2 3 Caq) 
/N 
Entropy 
(Disorder 
Disorder due to restriction 
of solvation by bulky alkyl 
groups 
NH + (aq) 
Order imposed by strong 
solvation of the acid 
cation 
AS' 
R R R N, N + nt s , 1 2 3 (aq) (aq) 
As' 
NL 
NH / N + H, V 3(aq) (aq) 
Reaction Coordinate 
Hepler ' has used this concept to account for the 
weaker acidity of meta-cyano- and meta-nitrophenols than the 
corresponding para-cyano- and para-nitrophenols in terms of 
entropy controlled differences in acid strengths. He suggested 
that the less efficient délocalisation of the negative charge 
on the phenoxide anions by the meta-substituents compared to 
the para-substituents results in the m-substituted anion 
having greater power in orienting solvent water molecules 
about the -0 functional group. Thus the entropy changes going 
1^5 
from the neutral phenol to the anion are more negative for 
the m-substituted phenols than for their p-substituted isomers, 
thereby explaining the higher free-energies and lower acidities 
of the meta-compounds. 
Rochester and Rossall^°^ extended this concept to explain 
solvation effects on p-substituted 2,6-di-t-butylphenols 
compared to their non-hindered counterparts in terms of 
délocalisation of negative charge between extreme canonical 
resonance structures such as I - I[ and HL - U for the anions 
of the p-formylphenols and p-nitrophenols respectively. 
IV 
For the anions of the non-hindered phenols (R = H) the 
favoured resonance structure is expected to be the one to the 
left with the negative charge residing mainly on the phenolic 
oxygen, about which the solvating molecules are oriented. On 
the other hand, in those cases where R = Bu"̂  the canonical 
structure to the right is expected to be favoured, such that 
the negative charge tends to reside on the oxygen atom of the 
para-substituent. Rochester and Rossall assumed that the sum 
of the negative charges on the oxygen atoms of the left and 
right resonance structures, and therefore the solvation 
requirements, is approximately equal for R = H and R = Bu^. 
Hence, although the Bu"̂  groups sterically hinder the solvation 
of the phenolic oxygen, the movement of the negative charge 
to the para-substituent increases the degree of solvation at 
that site and the net change in solvation of the anions 
following Bu"̂  substitution is expected to be small. 
Investigations by Rochester and c o w o r k e r s p r o d u c e d 
evidence which emphasises that, for a proper understanding 
of entropies of ionisation, the solute-solvent interactions 
of neutral phenol molecules must be considered together with 
the solute-solvent interactions of the phenoxide anions. 
Numerous pertinent findings have come from their work and are 
briefly summarised as follows: 
(i) The strength of solute-solvent interactions between 
neutral phenol molecules and hydroxylic solvents increases 
as the dipole moment of the phenol increases. 
(ii) The free-energies and enthalpies of hydration 
and ^H^y^) of neutral phenols become more negative the 
stronger the electron-withdrawing power of the para-
substituent of the phenol. 
(iii) The 6AS° values for alkyl phenols are the result of 
partial compensation of larger increments in entropies of 
hydration (AS^^^^) for both the neutral phenols and their 
anions. 
(iv) Trends in the proportionality ^^hy^/^^hyd 
and 3,5-disubstituted neutral phenols suggested the operation 
of compensation effects. The two classes of compounds, those 
capable of and those not capable of resonance, showed 
different proportionalities. 
(v) Each different substituent appeared to exhibit its 
individual and particular solvent effects. 
(vi) Solvation effects on enthalpies and entropies of 
hydration for the neutral phenols were mirrored extensively 
in the corresponding quantities for the phenoxide anions, 
(vii") For ten phenols which were studied, results for 
enthalpies of hydration showed that AH^- > ^H^^ for six and 
^ four, where AĤ ^̂  and AH^- represent enthalp-
ies of hydration of the neutral phenol and its anion 
respectively. Concerning the entropies of hydration (AŜ ^̂  
and AS^- for the phenol and its anion respectively) the 
results showed AS^- > AŜ ^̂  for seven, AS^^ > AS^- for two, 
and AS.- and AS„. were opposite in sign for p-nitrophenol. A nA — 
(viii) Evidence from ÔAS^^^ for m- and p-nitrophenoxide 
anions does not support the interpretation that due to 
resonance stabilization the solvent ordering about the m-
nitrophenoxide anion is greater than that about the p-
nitrophenoxide anion. The results indicated that the 
greater solvent ordering was around the para-substituted 
anion. This finding was supported by evidence from the 
relative enthalpies of hydration. 
Rochester and coworkers found that substituent induced 
changes on AS^^^^ and AH^^^^ for neutral phenols are not 
negligible compared with the changes in the same quantities 
for the phenoxide anions. They concluded therefore, that 
differences in entropies of ionisation of substituted phenols 
in hydroxylic solvents can only be properly explained in 
•terms of solvation changes for both neutral phenols and their 
phenoxide anions. In some cases the entropies of ionisation 
are accounted for predominantly by solvation changes of the 
neutral phenol molecules. 
Yamdagni, M^^Mahon, and Kebarlê *̂ ^ have recently emphasised 
that of the problems remaining in quantitative correlation of 
equilibrium data by linear free-energy relationships many are 
associated with the difficulty of assessing the effect of the 
11.7 136 
solvent. Together with numerous other investigators ' 
150 -152 Ŷiey have stressed that valuable information on 
substituent induced energy differences for isolated species 
may be obtained from the increasingly important field of 
gas-phase acidity measurements. 
1^9 
CHAPTER 10 
FURTHER LINEAR FREE-ENERGY RELATIONSHIPS 
Dual Substituent Parameter Equations 
Early work on substituent electronic effects concent-
rated on the use of the linear free-energy relationship 
pioneered by Hammett, 
P - P° = pa (10.1) 
where P = log K (equilibria), log k (rates of reaction), or 
P (some other parameter of chemical reactivity), and the 
substituent parameter a measures the electronic effect of 
the substituent at the reaction site rather than its effect 
on the benzene ring in isolation. Values of a derived from 
the standard reaction, the ionisation of substituted benzoic 
acids in water at 25°C, have found broad application to other 
equilibria and physical properties. However, reactions which 
show "through" or "cross-conjugation" between the substituent 
and reaction centre required the derivation of new sub-
stituent parameters, a"*" or a~, depending on the direction of 
the electronic demands of the reaction site. Estimates of 
values were then made for reaction systems which pre-
cluded or minimised cross-conjugation, such that, the 
value measures only the Interaction of the substituent with 
the aromatic nucleus as felt at the reaction site. 
Several workers have suggested that the inadequacy of 
a single substituent parameter warrants the division of 
substituent effects into the two contributing categories of 
localised and delocalised effects, that is, field/inductive 
and resonance effects. Considerable work and discussion has 
recently been directed''^'' ' ' ̂^̂  at clarification of 
the origins of all contributions to substituent effects. 
Topsom and coworkers in particular have published several 
excellent articles and reviews of the f ield . Some 
important contributions to substituent effects from the 
meta- or para- position can be summarised as follows: 
(A) Effects Arising in the g-Framework (Field/Inductive 
Effects) 
(i) effect: the inductive effect of a polar group Y, 
arising from a difference in electronegativity, induces a 
dipole in the C-Y bond which is relayed along the a-bonds 
of the C-chain with diminishing effect. 
(ii) F effect: the field effect of a polar group is 
transmitted through space and/or the surrounding environ-
ment to the reaction site elsewhere in the molecule, and 
diminishes with distance from the polar substituent. 
(B) Effects Arising in the fr-Electron Framework (Reson-
ance Effects) 
(iii) R effect: the resonance effect results from the 
interaction of substituent orbitals of suitable symmetry 
with the TT-orbitals of the unsaturated aromatic nucleus. 
Resonance may lead to movement of electron density to or 
away from the substituent. 
(iv) effect: the T T - s y s t e m of the nucleus may be dis-
turbed by repulsive interactions with neighbouring filled 
substituent orbltals without the transfer of charge being 
involved. 
(v) ïï^ and TTp effects: these effects arise from disturbance 
of the TT-system of the nucleus due to the I and F effects of 
0 
the polar substituents. 
Numerous dual substituent parameter (DSP) equations 
have been devised to explain the variation in chemical re-
activity in terms of separated field/inductive and reson-
ance effects of the substituent. Taft and coworkers proposed 
the extended Hammett equation, ̂^̂  while other DSP 
approaches have been suggested by Dewar and Grisdale (viz. 
the FM approach) Swain and Lupton (F and R approach) 
Yukawa-Tsuno (sliding substituent constant scale), 
Dewar-Golden-Harris (FMMF treatment)Wepster,^®'^ and 
Krygowski and Fawcett (enthalpy/entropy approach) . 
Reynolds, Mezey, and coworkers^®^ have made theoretical 
investigations into the nature of substituent effects in 
aromatic derivatives and from ab initio calculations have 
derived a theoretical DSP scale which closely parallels 
the Taft scale ^̂^ and also the Swain and Lupton 
F, R scale, 
Taft's Extended Hammett Equation 
Taft and coworkers^^® split a parameter values 
into inductive Oj and resonance o-̂  contributions, such 
that 
0 = 0 ^ + 0 ^ (10.2) 
where Oj is a measure of the charge distribution in the 
Sigma framework (i.e. composed of and F effects), and 
cJĵ  is a measure of the charge distribution in the pi 
system (i.e. composed of R, tt̂  and Tip effects). 
Ehrenson, Brownlee, and Taft give evidence^" that one a^ n 
scale is not sufficient for all types of reactions and that 
four distinct sets of o-̂  values (i.e. o^, o^, a^, are 
necessary to accomodate the different types of reaction 
systems. Substitution of equation (10.2) into equation (10.1) 
leads to the Taft extended Hammett equation (10.3), which 
is made applicable to the ionisation of phenols via the use 
of Op values. 
P - = Pja^ + (10.3) 
In a recent review"®^ Charton suggested that "at present, 
in the absence of a better approach, Taft's method... seems 
to be the most useful technique for factoring overall 
substituent effects." 
Tables 10-1, 10-2, and 10-3 present the results of 
correlations of the thermodynamic functions of ionisation 
for the four series of phenols of the present work against 
Taft Oj and a^ values. From the numerous compilations of 
a-̂  and a^ substituent parameters available''^'' ' ̂^̂  the 1 n 
a^, Qĵ , a", values for the various para-s ubstit uents o f the 
phenols were selected, where possible, û'om Ehrenson, 
Brownlee, and Ta ft, ̂^̂  otherwise from Exner.*̂ ^ Shorter 
emphasised that the multiplicity of substituent parameter 
^lues proposed by different authors, showing appreciable 
variation in certain cases, indicates that they should not 
be used " uncritically." 
These and all other correlations In Chapter 10 of 
thermodynamic quantities using dual or multiple substituent 
parameter equations were carried out on the University's 
UNIVAC 1106 computer using the multiple linear regression 
analysis programme REGAN 2 of the STATJOB system of statist-
ical programmes developed at the University of Wisconsin. 
Within each table 
n = number of substrates 
R = multiple correlation coefficient 
F = F-dlstrlbutlon value 
SL = level of significance of the F-value 
r , r , etc. = partial correlation coefficients for the 12' 13 
correlation of the first, second, etc. Independent variables 
with the dependent variable of the equation with the other 
Independent variables being held constant. 
F , F , etc. = partial F-values for Independent variables 12 13 
si , si , etc. = levels of significance of the partial 12' 13 
F-values 
S = standard error of estimate est 
The degree of correlation for each analysis has been 
determined by use of the coefficient of multiple correlation 
R, the F-value and the assigned significance level SL. The 
degree of significance of variables In each equation has 
been determined by use of partial correlation coefficients 
r, partial F-values and their significance levels si. 
Charton^^® has rated correlations In terms of confidence 
levels. In the present work an equivalent alternative 
method using significance levels has been used. The ratings 
are as follows: 
Correlation Rating 
excellent 
very good 
good 
fair 
poor 
not significant 
Confidence Level 
>99.9% 
>99 
97.5 - 98.0^ 
>95.0% 
>90.0% 
<90.0% 
Significance Level 
< .0010 
< .0100 
.0200 - .0250 
< .0500 
< .1000 
> .1000 
The Taft extended Hammett equation gives excellent 
correlations of pK^ values for each of the four phenol 
series as can be seen in Table 10-1. As well, both 
a^ and oZ parameters are highly significant in these 1 n 
correlations. These results are not unexpected on two counts: 
firstly, the simple Hammett equation gave excellent 
correlations of the pK values for the same series, and, a 
secondly, the a^ values used here and suggested as suitable 
for the ionisation of para-substituted phenols by Taft^^^in 
fact were derived from the ionisation of p-substituted 
phenols themselves. 
Enthalpies of ionisation of the four series of 4-
substituted phenols are correlated in a good to excellent 
manner by the Taft extended Hammett equation (see Table 10-2), 
but the results clearly indicate that a^ is much more 
significant than a^. This could well be a direct reflection 
of the use of a^ values, themselves derived from the 
ionisation of phenols. Alternatively, since field/inductive 
effects are not significant in correlations for two series. 
Table 10-1 
T a f t Extended Haininett Equation 
P = P j O j + Pj^a- + P» 
pK of Phenols : V a r i a b l e 4-Substituent 
Non-hindered 
n 
Phenol Series 
2,6-Diinethyl 
8 
2,6-Dichloro 
7 
2,6-Di"broiiio 
6 
pR 
pO 
- 1 . 9 5 3 
- 3 . 3 6 1 
l O . O l A 
- 2 . 9 5 0 
- 3 . 3 9 6 
1 0 . 5 7 3 
- 2 . 9 6 3 
- 3 . 0 3 1 
6 . 8 2 3 
- 2 . 9 5 5 
- 3 . 2 9 0 
6 . 7 5 9 
R 
F 
SL 
. 9 9 7 0 
^421.66 
.0000 
. 9 9 8 9 
1 1 2 7 . 7 1 
.0000 
. 9 9 89 
902 .26 
.0000 
. 9 9 9 0 
7 5 6 . 9 7 
.0001 
12 
F 12 
Sl 
. 9 78 
1 1 1 . 5 3 
. 0 0 0 1 
. 9 9 5 
4 9 0 . 0 9 
.0000 
. 9 9 6 
4 9 6 . 5 4 
.0000 
. 9 95 
3 2 4 . 9 1 
. 0004 
12 
13 
F 
13 
Sl 
. 9 9 3 
3 4 1 . 8 5 
.0000 
. 9 9 6 
6 7 2 . 1 1 
.0000 
. 9 97 
5 9 1 . 3 9 
.0000 
. 996 
414 .59 
. 0 0 0 3 
13 
est 
. 1 1 9 1 . 0 8 5 8 .0806 . 0 9 3 5 
Table 10-2 
Taft Extended Hammett Equation 
P = p^a^ + p^a- + 
Enthalpy (AH°) of Phenols: Variable ^-Substituent 
n 
Phenol Series 
Non-hindered 2,6-Diinethyl 2,6-Dichloro 2,6-Dibromo 
8 8 7 
Pi 
pR 
pO 
.1418 
-2.1974 
5.3328 
- .5342 
-3.0712 
5.1788 
-1.503 
-2.313 
2.413 
-1.300 
-2.340 
2.249 
R 
F 
SL 
.9777 
54.14 
.0004 
.9059 
11.45 
.0136 
.9803 
49.31 
.0015 
.9756 
29.63 
.0106 
12 
F 
12 
Si 
12 
.257 
.35 
.5783 
.281 
.43 
.5423 
.898 
16.60 
.0152 
.837 
7.03 
.0769 
13 
F 
13 
si 
.973 
87.68 
. 0 0 0 2 
.863 
14.61 
.0123 
.958 
44.74 
.0026 
.942 
23.47 
.0168 
13 
est 1538 .5265 .2236 .2795 
Entropy (AS°) of Phenols: 
Table 10-3 
Taft Extended Hammett Equation 
P = P^a^ + pĵ a- + P̂  
Variable ^-Substltuent 
n 
Phenol Series 
Non-hindered 2,6-Dimethyl 2,6-Dichloro 2,6-Di'broiiio 
8 8 7 
pO 
11.702 
5 . 1 6 5 
- 2 7 . 6 9 5 
1 1 . 6 6 9 
5 . 3 0 7 
•31 .037 
8 . 5 4 6 
6 . 0 7 7 
-23 . 137 
9 . 1 9 2 
7 . 1 9 9 
-23 . 419 
R 
F 
SL 
. 9 947 
2 3 5 . 9 5 
.0000 
. 9 421 
1 9 . 7 3 
. 0042 
. 9929 
139.80 
.0002 
. 9944 
1 3 1 . 6 9 
.0012 
12 
F 
12 
S i 
. 9 89 
2 1 9 . 7 2 
.0000 
. 8 85 
1 8 . 0 9 
. 0 081 
12 
.982 
108 .01 
.0005 
.982 
79.34 
.0030 
13 
F 
13 
S i 
. 9 48 
4 4 . 3 0 
.0012 
.661 
3 . 8 7 
.1062 
.969 
6 2 . 1 7 
. 0014 
.971 
5 0 . 1 2 
.0058 
13 
*est . 5084 1 . 7 6 7 0 .4984 .5886 
have a poor significance In one, and a good significance 
in only the fourth phenol series it is apparent that 
resonance effects are the dominant influence in the determin-
ation of enthalpies of ionisation of para-substituted phenols 
Table 10-3 indicates that for entropies of ionisation 
the Taft extended Hammett equation gives near excellent 
correlations for three phenol series and a very good 
correlation for the fourth series. In all four series the 
entropy values were slightly more significantly correlated 
by a^ than by a~ . This is a reversal of their importance 
in the enthalpies of ionisation as mentioned previously. 
Field/inductive effects of the para-substituents are 
therefore quite important influences in the control of the 
entropies of ionisation. This is in accord with the 
proposition of Swain and Lupton^^® and Hansen and Hepler^^ 
that within free-energy correlations the entropy variations 
can be considered to be closely linked to substituent field 
effects. 
In Chapter 9, the observation was made that for the 
ionisation of phenols the simple Hammett equation correlated 
free-energies of ionisation best using enhanced a^ values, 
whilst the entropies of ionisation were best correlated 
by normal a° values. There it was suggested that the 
factors which cause para-substituted phenols to deviate 
from the standard Hammett equation are primarily resonance 
factors which show themselves mainly in enthalpies of 
ionisation. Results from the DSP Hammett equation analyses 
presented above strongly support this hypothesis. The 
entropies correlate well with standard Inductive substituent 
parameter values a^ , but the enthalpies require enhanced 
o^ values. The substituent effects which show themselves 
in enthalpies of ionisation also affect the free-energies 
ame causing the AG° (or pK^) values to require the s 
a. 
specialised and enhanced a^ values for satisfactory 
correlation. In terms of the Hepler model, these enthalpy 
effects are internal effects arising out of cross-conjugation 
between the para-substituent and the reaction site. They 
show themselves in and are therefore directly 
mirrored in ÔAG°. 
Swain and Lupton Equation 
Another of the more commonly used dual substituent 
parameter equations is that proposed by Swain and Lupton^^® 
who split the substituent parameter a into components 
called field (F) and resonance (R) components by the use 
of equation (10.^) 
a = fF + rR (10.^) 
In equation (10.4) the weighting factors f and r are 
independent of the substituent. 
A basic assumption in the Swain and Lupton treatment 
and calculation of F and R parameter values is that the 
trimethylammonium ion substituent has a zero resonance 
interaction with the aromatic nucleus. The validity of this 
assumption has been questioned by Charton^^® while Cutress 
and coworkers^®^ have discussed the existence of a donor 
resonance effect by this group on the basis of infra-red 
evidence. 
Substitution of equation (10.^) into the Hammett 
equation leads to equation (10.5) which can be written as 
equation (10.6) 
P - = pfF + prR (10.5) 
P - P° = aF + 3R (10.6) 
Williams and Norrlngton^^° have discussed the F and R 
parameters in terms of Independence of the position on the 
aromatic ring, the reaction, solvent, and temperature. 
Also, they proposed positional weighting factors f^ and r^ 
(where 1 = ortho-, meta-, or para-) such that, the Swain 
and Lupton equation becomes 
P - P° = f^aF + r^3R + e (10.7) 
where e is an error term, and a and 3 are reaction depend-
ent coefficients. Their weighting factors were given the 
following values: 
r = 1.000 P 
-m = 
r^ = 0.863 
In a theoretical development of the Sv̂ ain and Lupton 
approach Hansen and Hepler̂ "̂̂  emphasised, firstly, that Swain 
and Lupton excluded from consideration those reactions 
having possible significant steric effects. Secondly, Swain 
and Lupton's thorough statistical analysis showed the 
sufficiency of Incorporating only two independent (non-sterlc) 
interactions contributing to substituent effects. 
Results of linear regression analyses for the thermo-
f = 1. 000 p 
f = m 0. 980 
f = o 1. 248 
dynamic quantities of ionisation of the four series of 
phenols using the Swain and Lupton equation are given in 
Tables 10-4,10-5, and 10^6. Values for the substituent 
parameters F and R were taken from references 128 and 170. 
It can be seen from Table 10-4 that the Swain and 
Lupton equation gives correlations of pK for the four series a 
of phenols in the very good category and that the P and R 
parameters show comparable significance (in the good 
category) in their contribution to pK . a 
From Table 10.5 it can be seen that enthalpies of 
ionisation are correlated in only a fair to good manner by 
the Swain and Lupton equation. In the four correlations the 
field parameter (F) was not significant in any, whilst the 
resonance parameter (R) showed fair significance. 
Table 10-6 indicates that the Swain and Lupton equation 
produces very good to excellent correlations of entropies 
of ionisation. The F parameter showed good to excellent 
significance and the R parameter showed fair significance 
in three correlations and non-significance in the fourth. 
Although the Swain and Lupton equation correlation 
results are slightly poorer than those from the Taft 
extended Hammett equation, they do parallel them and there-
fore reinforce the conclusions drawn from the correlations 
from the latter equation which have been discussed in the 
preceding section. 
n 
Table 10-4 
Swain and Lupton Equation 
P = aF + 3R + 
pK of Phenols: a Variable 4-Substituent 
Phenol Ser ies 
Non-hindered 2,6-Diinethyl 2,6-Dichloro 2,6-Dil3roino 
a 
3 
pO 
-1.522 
-4.189 
9.612 
-1.970 
-4.964 
10.230 
-1.811 
-4.902 
6.449 
-1.814 
-6.327 
6.212 
R 
F 
SL 
.9648 
33.61 
.0013 
.9550 
25.94 
.0023 
.9674 
29.18 
.0041 
.9824 
41.38 
.0065 
12 
F 
12 
Si 
12 
.859 
14.08 
.0133 
.838 
11.82 
.0185 
.889 
15.13 
.0177 
.927 
18.38 
.0233 
13 
F 
13 
Si 
13 
.852 
13.19 
.015 
.806 
9.28 
.0285 
.882 
14.06 
.0200 
.929 
18.85 
.0225 
est .3923 .5541 .4337 .3939 
Table 10-3 
Swain and Lupton Equation 
P = aF + 3R + P° 
Enthalpy (AH°) of Phenols: Variable 4-Substltuent 
Phenol Series 
Non-hindered 2,6-Dimethyl 2,6-Dichloro 2,6-Dibromo 
n 8 8 7 6 
a - .064 - .221 - .692 - .779 
3 - 2 . 9 5 7 - 5 . 2 8 5 -4.989 - 4 . 6 5 8 
P° 5.049 4.723 1.950 1.838 
R .8505 .8641 .9251 .9581 
F 6.54 7 . 3 7 11.87 16.80 
SL .0403 .0323 .0208 .0235 
12 
12 
r 
13 
13 
Si 
13 
S est 
.077 .151 .552 .754 
F .03 .12 1 . 7 5 3.95 12 
si .8697 .7469 .2561 .1409 
.782 .789 .862 .894 
F 7.84 8.25 11.55 11.92 
.0379 .0349 .0273 .0409 
.3590 .6260 .4871 .3646 
I6i4 
Table 10-6 
Swain and Lupton Equation 
P = aF + 3R + 
Entropy (ASM of Phenols: Variable ^-Substituent 
Phenol Series 
Non-hindered 2,6-Diinethyl 2,6-Dichloro 2,6-Dil3romo 
n 8 8 7 
a 
3 
pO 
7.358 
7 .230 
•27.156 
7.716 
5.828 
•30.605 
5.353 
9.356 
•22.^5^ 
5.661 
13.399 
•22.275 
R 
F 
SL 
.9857 
85.27 
.0001 
.9271 
15.31 
.0074 
.9727 
35.13 
.0029 
.9807 
37.81 
.0075 
12 
F 
12 
si 
.967 
72 .06 
.0004 
12 
.861 
14.28 
.0129 
.931 
26.22 
.0069 
.942 
23.67 
.0166 
13 
F 
13 
S i 
13 
.795 
8.61 
.0325 
.410 
1 . 0 1 
.3615 
.847 
10 .16 
.0333 
.888 
1 1 . 1 7 
.0443 
est .8380 1.9743 .9740 1.0834 
Correlations of Thermodynamic Functions of Ionisation of 
ortho-Substltuted Phenols 
Structural modification of reactant molecules close to 
the reaction centre affects chemical reactivity via Interact-
ion mechanisms collectively known as the ^'ortho-effect . 
Some of the factors composing the ortho-effect are Induct-
ive field (F), various resonance (R, "̂ q̂ í̂ "̂ q̂j 
effects, proximity effects due to sterlc (bulk) Interactions, 
sterlc Inhibition to solvation, sterlc hindrance to 
coplanarlty, and Intramolecular secondary bonding forces 
such as hydrogen bonding, various dlpole/dlpole/lnduced 
dlpole forces, and charge transfer Interactions. 45 5 108 b 
The multiplicity of Interaction mechanisms In the 
ortho-effect: 
(I) Is axiomatic to the non-valldlty of the simple 
Hammett equation for ortho-derlvatlves , 
(II) renders assessment of their relative Importance an 
extremely difficult one,^ and 
(III) poses one of the most difficult problems of study 
in the area of structure/reactivity relationships 1+5 
Results of various correlations following procedures 
developed by Taft,^° Swain and Lupton,^^® and Charton^°^ are 
given in the following discussion. Thermodynamic quantities 
of ionisation of the ortho- substituted phenols used in the 
correlations are recorded in Tables 10-7, 10-8, and 10-9. 
The substituted phenols have been divided into three groups 
according to the substituent in the M-position, such that: 
Series I = ortho-substltuted phenols with no para-substltuent 
Table 10-7 
pK and AS° Values for ortho-Substltuted Phenols 
Series I 
(no para--substituent) 
Phenol pK —a- Ref. 
phenol 9.95 -27.2 25 
2-Me 10.33 -28.1 25 
2-Pr 10.50 -28.5 25 
2-Bu^ 10.62 78 
2-MeO 9.99 -27.0 25 
2-EtO 10 .11 -25.5 25 
2-F 8.73 -24 .9 25 
2-Cl 8.55 -24.4 25 
2-Br 8.45 -23.9 25 
2-1 8.41 -24.6 25 
2-CHO 8.37 -21.5 25 
2-NO 2 7.23 -17.8 25 
2,6-diMe 10.58 -30.5 * 
2,6-dlPr^ 11.08 112 
2,6-dlBu^ 11.70 78 
2,6-dlCH OH 2 9.66 80 
2,6-diCl 6.80 -22 .7 * 
2,6-dlBr 6.68 -23.7 * 
2,6-diNO 2 3.69 -10.8 25 
2-CHO-6-NO 2 7.91 -22.3 25 
# -1 -ca l mol deg 1 
* 
present work 
Table 10-8 
pK and AS° Values for ortho-SubstItuted Phenols 
cL 
Series IE 
(constant para-nitro-substItuent) 
Phenol 
4-NO 
2 
2-C1-4-NO 
2 
2,4-diNO 
2 
2,6-diBu^-4-NO 
2 
2,6-diMe-4-NO 
2 
2,6-dlCl-4-NO 
2 
2,6-dlBr-4-NO 
2 
2,6-dlI-4-NO 
2 
2,4,6-triNO 
2 
2,4-dlNO -6-Me 
2 
2,4-dlNO -6-Cl 
2 
2,4-dlNO -6-Br 
2 
Ref. 
7.15 -17.1 25 
5.31 98 
4. 07 - 9.8 25 
6.65 78 
7.10 -18.1 * 
3.58 -14.1 * 
3.39 -13.6 * 
3.35 -13.5 * 
.23 - 6.0 25 
4.35 171 
2.01 171 
2.35 171 
cal mol -1 deg -1 present work 
Table 10-9 
pK^ and AS® Values for ortho-Substituted Phenols 
Series 
(constant para-formyl-substituent) 
Phenol pK^ Ref 
3. 
4-CHO 7.61 -21.1 25 
2-MeO-4-CHO 7-39 -21.8 25 
2,6-dlBu^-4-CHO 8.05 78 
2,6-dlMe-4-CHO 7-70 -25.1 
2,6-diMeO-^-CHO 7-3^ -22.3 
2,6-diCl-4-CHO 4.19 -17.4 
2,6-diBr-4-CHO 4.00 -17-2 
§ * 
cal mol ^ deg ^ present work 
Series II = ortho-substltuted phenols with a constant 
para-nitro substituent 
Series III = ortho-substituted phenols with a constant 
para-formyl substituent 
Taft Analysis 
Considerable use has been made of the procedure de-
veloped by Taft for the separation of polar, steric, and 
resonance effects. The Taft approach has been briefly 
discussed in Chapter 4. Results of correlations using Taft^s 
planar polar and steric equation of ortho-substituted 
phenol data from Tables 10-7 and 10-8 are given in' Table 
10-10. Values for the substituent polar (a^) and steric (E ) o t» 
parameters of the Taft planar polar and steric energy 
relationship (equation (10.8)) 
P - = p a + SE (10.8) ^o o s 
were taken from the compilation by Shorter.^ 
Basic regression analysis statistics in Table 10-10 
indicate that the Taft polar/steric equation gives excellent 
or near excellent correlations of both ionisation constants 
and entropies of ionisation for Series I and Series JL 
ortho-substituted phenols. Partial correlation coefficients, 
F-values, and significance levels show that the ortho-
substituent polar parameter (a^) has very good or excellent 
significance in the correlations, while the substituent 
steric parameter has but a poor significance in one 
correlation and is not significant at all in the remaining 
three correlations. This apparent non-significance of the 
Table 10-10 
Taft Planar Polar and Sterlc Energy Relationship 
P = + S E^ + po 
pK^ and Values for ortho-Substituted Phenols 
n 
£K 
Series I 
11 
a 
Series H 
10 
AŜ  
Series I 
11 
Series H 
S 
pO 
-4.330 
- .953 
9.354 
-4.314 
-1.171 
5.742 
9.875 
.607 
•26.322 
5 . 6 8 5 
-.879 
-15.979 
R 
F 
SL 
.9697 
62 .97 
.0000 
.9513 
33.32 
. 0 0 03 
.9762 
8 0 . 9 1 
.0000 
.9927 
1 0 1 . 8 5 
. 0017 
12 
F 
12 
si 
.940 
6 0 . 8 5 
.0001 
.911 
34.05 
. 0 0 0 6 
.936 
56.39 
,0001 
. 9 70 
48.04 
. 0 062 
12 
r 
13 
13 
Sl 
.578 
4 .01 
. 0 8 0 1 
13 
.536 
2.83 
.1365 
.187 
.29 
.6048 
.545 
1 . 2 7 
.3419 
'est .5429 . 6 5 1 2 1.2864 .6438 
sterlc parameter In free-energy correlations of ortho-
substltuted phenols will be discussed in greater detail in 
the section devoted to the Charton equations. 
Swain and Lupton Equation 
Tables 10-11 and 10-12 record the statistics of the 
regression analyses of the thermodynamic quantities of ion-
isation of Series I , H , and HI ortho-substituted phenols 
following the Swain and Lupton procedure. Several points 
of interest arise from the data of these two tables: 
(i) The correlations are all good to excellent. The pK 
a 
values for each of Series IL, and HI are correlated in an 
excellent manner whilst AS° values are correlated in the 
excellent category for Series I and H^ and Series IK gives 
a good c o r r e l a t i o n . 
Comparisons of Tables 10-4 and 10-6 with Tables 10-11 
and 10-12 reveal that the Swain and Lupton equation gives 
better correlations of both pK^ and AS° values for ortho-a 
substituted phenols than for para-substituted phenols. These 
results suggest that the substituent effects on the ion-
isation of ortho-substituted phenols can be quite adequately 
explained in terms of substituent electronic effects and 
that steric e f f e c t s , if present, do not play a major role 
in determining the acidity of these phenols. Numerous 
phenols in each of the three series are considered to be 
influenced by a high degree of steric hindrance. Bulky 
ortho-substituents such as 2-t-butyl, 2,6-di-t-butyl, 
2 , 6 - d i - l - p r o p y l , 2 - n i t r o , and 2,6-dinitro are included in 
the substituted phenols of Series I yet the Swain and Lupton 
equation without any substituent steric parameter gives an 
excellent correlation of the pK values of twenty ortho-a 
substituted phenols with a multiple correlation coefficient 
R = .9923, F-distribution value = 545-57, and a significance 
level of .0000, Similarly, the correlation of the entropies 
of ionisation of sixteen ortho-substituted phenols of 
Series I is quite excellent, in that, R = .9^39, F-value = 
53.09, and the level of significance is .0000. Within 
Series I, entropies for several "mildly" hindered phenols 
are included, for example, 2-propyl, 2,6-dimethyl, 2,6-
dichloro, 2,6-dibromo, and 2-formyl-6-methoxyphenol. Values 
of AS° of severely hindered phenols such as 2,6-di-i-propyl 
and 2,6-di-;^-butyl phenol are not able to be included 
because they are unavailable. The good to excellent 
correlations of AS° of ortho-substituted phenols by the 
DSP Swain and Lupton equation suggests that like pK 's the a 
entropies too can be explained in terms of substituent 
electronic effects without the necessity of incorporating 
parameters for steric effects. This runs contrary to 
classical concepts of steric effects on chemical reactivity 
and suggests the necessity of further investigation. 
Alternatively it may indicate an inadequacy in the Swain 
and Lupton approach. 
(ii) The second point of interest from the statistics of 
Tables 10-11 and 10-12 comes from partial correlation 
coefficients, partial F-values and significance levels. 
These statistics indicate that the substituent field 
parameter (F) has very good to excellent significance in 
Table 10-11 
Swain and Lupton Equation 
P = aF + 3R + 
pK values for ortho-Substituted Phenols d 
n 
Series I 
20 
Series JL 
12 
Series m 
a 
3 
-2.776 
-1.275 
10.264 
-2.556 
- .599 
6.740 
-2.613 
-2.217 
7.150 
R 
F 
SL 
.9923 
545.57 
. 0000 
.9835 
132.82 
. 0000 
. 9866 
73.20 
.0007 
12 
F 
12 
Si 
.991 
974.31 
. 0000 
. 980 
218.59 
. 0000 
12 
.987 
146.18 
.0003 
13 
F 
13 
Si 
.762 
23.52 
. 0002 
303 
91 
3643 
.915 
20. 54 
. 0106 
13 
est .2482 4270 .3466 
r 
12 
12 
si 
12 
r 
13 
F 
13 
Si 
13 
^est 
Table 10-12 
Swain and Lupton Equation 
P = aF + 3R + 
AS° Values for ortho-Substituted Phenols 
Series I Series IT Series 
n 16 7 6 
a 5.899 3.681 4.518 
3 6.482 7.369 ^.208 
P° -26.748 -16.132 -22.083 
R .9439 .9837 .9645 
F 53.09 59.72 19.98 
SL .0000 .0011 .0185 
.922 .970 .963 
F 74.08 63.19 38.86 
.0000 , .0014 .0083 
.701 .937 .856 
12.53 28.64 8.24 
.0036 .0059 .0640 
1.6532 .9165 1.0387 
all correlations of pK and AS and that the resonance a 
parameter (R) has an excellent significance in one 
correlation, very good in two, good in one, fair in one, 
and is not significant in one correlation. The greater 
significance of the field parameter is in line with the 
Williams and Norrington weighting factors^^° for F and R 
parameters in the Swain and Lupton equation applied to 
ortho-substituted reaction series. Those weighting factors 
are f^ = 1.248 and r^ = O .863. 
(iii) Thirdly, the data of Table 10-11 show marked 
variations in the coefficient of R (i.e. the reaction 
parameter 3). The pK values of Series I has 3 = -1.275, a 
while Series H has 3 = -.599, and Series IE has 3 = 
-2.217. This may be partly explained by the non-significance 
of the parameter R in the correlation of pK 's of Series IE — a 
phenols. 
Charton Equations 
S h o r t e r ^ has questioned the fundamental assumption 
in the Taft approach that steric and resonance effects are 
the same in the acid-catalysed and base-catalysed hydrolysis 
of esters. Chapman, Shorter, and Toynê ^̂ '̂ ^̂  and Charton̂ '̂' 
have presented evidence which casts doubt on the assumption. 
Charton^°^' ̂^̂  has analysed the steric parameters suggested 
by Taft (viz. E^) and Farthing and Nam (â )̂ '' and claimed 
that for ortho-substituents these values have little to do 
with steric effects. Charton also claimed that in general 
the ortho-effect is a pure electrical effect. 
Charton^°^ ' has analysed chemical reactivity data by 
use of multiple regression equations of the forms 
P = aa^ + + + P° (10.9) 
P = aa^ + + P° (10.10) 
P is the effect of a substituent on the property of interest, 
the substituent parameters o^, ô ^̂  and u represent localised, 
delocalised, and steric effects respectively, and P° is the 
intercept. Values of the substituent constants a^, â ,̂ and u 
used in the present regressions were taken from the compil-
ation by Charton. no b 
Shorter^ has criticised Charton's work on two grounds. 
Firstly, the data sets frequently lack substituents whose 
steric effects are expected to be substantial such as, 
groups like tert-butyl or I. Secondly, Shorter stated that 
Charton's conclusions are derived from a "welter of 
statistics" and therefore he may have lost sight of the 
chemical basis of his reasoning. Certainly, Charton's 
conclusions should be closely examined as they are 
significantly different from traditional chemical ideas and 
theories. 
Results of regression analyses using Charton's 4-
parameter equation (10.9) and 3-parameter equation (10.10) 
are tabulated below for the thermodynamic ionisation 
constants and entropies of ionisation of Series I, H , and 
JR ortho-substituted phenols. It is emphasised that the data 
used in these analyses included thermodynamic quantities 
of ionisation of compounds incorporating substituents 
having large steric effects, such as, 2-Bu^, 2-1, 2-NO , 
r 
Ik 
Table 10-13 
Charton 4-Parameter Equation 
P = aoj + 3ap + + 
pK Values of ortho-Substltuted Phenols a 
Series I Series II Series I 
n 16 12 7 
a -4.409 -4.144 -4.279 
3 -1.607 -2.130 -2.089 
ijj .132 - .679 - .283 
P° 10.004 7.159 7.436 
R .9943 .9951 .9937 
F 345.83 267.84 7 8 . 7 2 
SL .0000 .0000 .0024 
r .994 .995 .994 
12 
F 946.71 7 5 1 . 6 6 2 2 8 . 7 1 
12 
si .0000 .0000 .0006 
12 
r .859 .867 .950 
13 
F 33.73 24.18 27.64 
13 
Si .0001 .0012 .0134 
13 
.331 .863 .760 
F 1.48 23.41 4.11 lit 
si .2476 . 0 0 1 3 -1358 
S ^ .2347 .2484 .2749 est 
r 
13 
1»+ 
lit 
1»+ 
Table 10-1^ 
Charton ^-Parameter Equation 
P = aOj + ^o^ + + P° 
AS° Values of ortho-Substltuted Phenols 
Series I Series H Series I 
n 14 7 6 
a 10.599 6.341 8.785 
3 8.180 8.482 4.240 
^ - 2 . 1 9 1 .262 -1.882 
P° -25.569 -16.195 -21.166 
R .9782 .9857 .9967 
F 73.80 34.29 101.84 
SL .0000 .0080 .0097 
r .969 .971 .996 
12 F 151.41 50.21 264.82 
12 
si .0000 .0058 .0038 
12 
.874 .903 .983 
F 32.47 13.23 56.70 
13 
Si .0002 .0358 .0172 
13 
.552 .127 -951 
F 4.39 .05 ' 18.88 
s l .0627 .8393 .0491 
S 1.1436 .9896 .3882 e s o 
r 
13 
Table 10-1^ 
Charton 3-Parameter Equation 
P = aa^ + BCp + 
pK Values of ortho-Substituted Phenols ^ a 
Series I Series IE Series m 
n 16 12 7 
a -4,436 -4.068 -4.254 
ß -1.680 -1.062 -2.123 
P° 10.105 6.606 7.136 
R .9936 .9805 .9850 
F 499.66 111.77 65.30 
SL .0000 .0000 .0009 
r ,993 .979 -985 
12 
F 947.70 209.84 1 2 7 . 5 0 
12 
s i .0000 .0000 .0004 
12 
.861 , 4 5 3 .895 
F 37.27 2.33 16.11 
13 
S i .0000 . 1 6 1 6 .0159 
13 
^est 2390 .4640 .3664 
n 
a 
r 
12 
12 
r 
13 
si 
13 
^est 
Table 10-16 
Charten 3-Parameter Equation 
P = ao^ + ^o^ + 
AS° Values of ortho-Substituted Phenols 
Series I Series H Series 
14 
9 . 8 ^ 3 6 . 4 4 1 7 . 4 1 4 
3 9 . 2 0 5 8 . 0 9 4 4 . 0 0 3 
_ 2 6 . 3 7 5 - 1 6 . 0 9 5 - 2 2 . 0 7 9 
R . 9 6 9 1 .9855 -9655 
F 8 5 . 0 1 6 7 . 4 5 20 .59 
SL .0000 .0007 .0177 
.959 .979 .965 
F 1 2 5 . 0 5 9 1 . 6 1 41 .14 
s i .0000 .0007 .0077 
12 
. 8 8 1 .949 .842 
F 3 8 . 0 8 3 6 . 4 3 7 . 3 3 
13 
. 0 0 0 1 .0038 .0733 
1 . 2 8 7 6 .8640 1 . 0 2 4 3 
I8l 
2,6-dlBu^, 2,6-diI, and 2,6-diNO . Hence, the first of 2 
Shorter*S general criticisms concerning Charton's work does 
not directly apply to this present study. For convenience 
and ease of description the significance of the correlation 
as well as the significance of each independent parameter, 
in the Charton equations regression analyses of pK values, a 
have been recorded in Table 10-1?. 
Both the 4-parameter and 3-parameter equations give 
excellent correlations of pK *s of ortho-substituted phenols, a 
and in general the localised substituent parameter (a^) has 
excellent significance. The delocalised substituent parameter 
(Cĵ ) has very good to excellent significance in all but one 
correlation, while the steric substituent parameter (u) is 
not significant in correlations of pK *s of two series but a 
has a very good significance in the third series. Results 
of the significance of the steric parameter are incon-
clusive, but they tend to be in agreement with Charton's 
general hypothesis^®^ ' ̂^̂  that the steric substituent constant 
is not significant in correlations. 
It may be seen from the summary in Table 10-18 that 
entropies of ionisation of ortho-substituted phenols are 
correlated in a good to excellent fashion by both of 
Charton's equations. From the table it can also be seen 
that in correlations of entropies of ortho-substituted phenols 
the localised substituent parameter (a^) has very good to 
excellent significance, the delocalised substituent parameter 
(Cĵ ) has from fair to excellent significance, and the steric 
Table 10-17 
Significance of Correlations and Parameters: Charton Equations 
pK Values of ortho-Substituted Phenols a 
Equation Correlation Significance Significance Significance 
Significance of a 
1 -
of a of u 
U-Parameter excellent 
S-Parameter excellent 
U-Parameter excellent 
3-Parameter excellent 
U-Parameter near 
excellent 
not-significant 
Phenol Series I 
excellent excellent 
excellent excellent 
Phenol Series IT 
excellent near excellent very good 
excellent not-significant 
Phenol Series ICE 
not-significant very good 
3-Parazneter excellent excellent 
very good 
very good 
substituent parameter (u) has significance ratings of 
fair, poor and non-significance. 
The trend toward non-significance of the substituent 
steric parameter (u) in the Charton 4-parameter equation 
regressions is in keeping with a similar trend of poor or 
non-significance of the steric E^ parameter in correlations, s 
using'the Taft approach, of both free-energies and entropies 
of ionisation of ortho-substituted phenols. Regression 
statistics from each of the three approaches of Taft, Swain 
and Lupton, and Charton all suggest that correlations of 
Table 10-18 
Significance of Correlations and Parameters: Charton Equation 
AS° Values of ortho-Substituted Phenols 
Equation Correlation Significance Significance Significance 
Significance of O 
I-
of a of u 
Phenol Series I 
^-Parameter excellent 
3-Paraineter excellent 
U-Parameter very good 
3-Paraineter excellent 
^-Parameter very good 
3-Parameter good 
excellent excellent poor 
excellent excellent 
Phenol Series IE 
very good fair 
excellent very good 
Phenol Series HI 
not-significant 
very good 
very good 
good 
good 
fair 
substituent induced variations in both free-energies and 
entropies of ionisation can be quite adequately explained 
in terms of the electronic effects of the ortho-substituents. 
This is further evidence in support of the conclusion by 
Charton who has stated^°^ ' ̂^̂  that, in general, ortho-
substituent constants can be accounted for by the a^ and 
a^ constants, therefore the electrical effects alone are n 
sufficient to account for the substituent effects of ortho-
substituents. Stated another way, Charton has concluded that 
the ortho-effect is a pure electrical effect for most 
substituents. This find is quite surprising and runs contrary 
to traditional ideas of steric effects of ortho-substituents. 
It is taken up and discussed in further detail in Chapter 11. 
Summary 
Data analyses of the present work using multiple 
substituent parameter equations have given some insight into 
the relative importance of the various modes of substituent 
interaction on the ionisation of phenols. These insights are 
summarised as follows: 
(i) None of the various approaches used showed that steric 
substituent factors are of even reasonable significance in 
the effects of ortho-substituents on either free-energies 
or entropies of ionisation of phenols. This find can be 
interpreted in either of two ways. Firstly, it could be 
accepted as reliable and valid and therefore contrary to 
traditionally held views on proximity effects. Alternatively, 
it may be simply exposing inadequacies in the present linear 
free-energy relationships which are applied to the analysis 
of structure/reactivity relationships of ortho-substituted 
reaction series. 
(ii) In the ionisation of para-substituted phenols, it 
is seen from Table 10-1 that the substituent resonance effect 
is only slightly more significant than the field/inductive 
effect in correlations of pK values. a 
(iii) Tables 10-10 to 10-16 all show that the field/inductive 
effect is much more significant than resonance effects in the 
determination of both pK and AS° values for ortho-a 
substituted phenols. 
Bolton, Hall and Reece concluded^^ ' ̂^ ̂  that changes in 
the thermodynamic quantities of ionisation of ortho-
substituted phenols like their para-substituted analogs can 
be explained in terms of one dominant substituent interaction 
mechanism. They postulated an interaction mechanism governed 
by substituent induced disturbances of the ir-electron 
density of the aromatic ring causing changes in the solvation 
pattern of the phenoxide anion, and this is directly 
reflected in the entropies of ionisation. Analyses carried 
out in this work using dual and triple substituent parameter 
equations provides evidence that there is need for a change 
in emphasis in the hypothesised interaction mechanism. The 
emphasis should be changed from the specific electron 
movement within the 7r-system of the aromatic ring to a more 
general electron movement induced by substituent effects. 
Thus the hypothesised dominant substituent interaction 
mechanism in the ionisation of ortho- and para-substituted 
phenols becomes, substituent induced changes of the electron 
distribution within the molecule and its anion bring about 
sympathetic changes in the solvation pattern, which are 
mirrored primarily in the entropies of ionisation. Within 
para-substituted phenols both field/inductive and resonance 
effects are important in bringing about these changes, 
while in ortho-substituted phenols the substituent induced 
changes are controlled by field/inductive forces. 
CHAPTER 11 
SUMMARY 
It must be emphasised that the evidence for the non-
significance of steric factors in substituent effects on 
the thermodynamic functions of ionisation of ortho-
substituted phenols, as discussed in Chapter 10, has to be 
considered side by side with the findings presented in 
Chapters 7, and 9- The three earlier chapters were 
devoted to the discussion of the effects of constant ortho-
substitution on the thermodynamic quantities of ionisation 
of phenols, and at this point it is probably appropriate 
to reiterate and summarise the findings and conclusions of 
these chapters. Then an attempt will be made to place the 
data from the ortho-substituted phenols in context. The 
summarised points from earlier chapters are: 
(i) The presence of constant 2,6-dimethyl, 2,6-dichloro, 
or 2,6-dibromo substituents in phenols in no way destroys 
the obedience of their pK values to the simple Hammett a 
equation when appropriate enhanced a" values are used for the 
variable para-substituents. 
(ii) Constant ortho-substitution has been found not to 
exhibit a constant ortho-effect. In fact, the magnitude of 
the "steric" contribution to the ortho-effect for individ-
ual compounds in each of the three hindered phenol series 
is affected by the nature of the para-substituent, in 
particular by its electron-withdrawing power. The greater 
is the electron-withdrawing power of the para-substituent 
the less is the "steric" contribution to the overall ortho-
effect of the constant ortho-substituents within each of the 
three hindered reaction series. 
(iii) The presence of either methyl-, chloro-, or bromo-
groups in both of the ortho-positions causes an increase in 
the value of the Hammett reaction parameter (p) by about 
20^ for the ionisation of variable para-substituted phenols. 
A similar constant 2,6-di-t-butyl substituted phenol 
reaction series has shown"̂ ® a 57^ increase in the p-value. 
Increases in p-values of these magnitudes cannot be ex-
plained in terms of substituent electronic effects, instead 
they have been interpreted as the result of steric effects. 
In the three hindered' phenol series of this work the 
electronic effects of CI and Br are very different 
compared to that of Me, yet the van der Waals' radii of 
these three groups are reasonably close causing similar 
steric effects which are mirrored in similar p-values. 
Steric effects arising from 2,6-substitution have been 
attributed to the inhibition of solvation by solvent water 
molecules causing a decrease in stabilization of the phen-
oxide anions with a consequent weakening of acid strengths. 
When the a-values of the para-substituents are small or 
negative the steric influences of the ortho-substituents 
make important contributions to the overall substituent 
effects and therefore to the thermodynamic quantities of 
ionisation. 
(iv) In Chapter 8 it was noted and discussed that each of 
the 4-X-2,6-dlinethyl-, M-X-2,6-dichloro-, and l|-X-2,6-
dlbromophenol series, like the parent 4-X-phenol series, 
show Isoequlllbrlum behaviour. Evidence for Isoequlllbrlum 
behaviour came both from the excellent plots of AG° against 
AS® and the linear proportionalities between p and for 
each series. Existence of Isoequlllbrlum behaviour Implies 
that, even In the midst of complicating proximity effects, 
the hindered phenol series have thermodynamic functions of 
Ionisation dominated by a single substituent Interaction 
mechanism. That mechanism Is hypothesised as substituent 
controlled changes of electron distribution within the 
phenol and Its phenoxlde anion bringing about changes In 
the solute-solvent Interactions which show themselves 
directly In entropies of Ionisation. 
(v) In Chapter 9 the Hepler dichotomised enthalpy/entropy 
model was used to Investigate the direct relationship 
between the resonance effects of the 4-substltuent and the 
free-energies of Ionisation of 4-X- and 4-X-2,6-dlsubstltuted 
phenols. For the symmetric Ionisation reaction of related 
phenols (equation" (11.1)) 
HA, N + R7 n > AT X + HR, (11.1) 
(aq) (aq) < (aq) (aq) 
the cancellation of Internal entropies and the assumed 
proportionality between environmental enthalpies and entropies 
leaves ôAG° a rather simple quantity. The 6AG° values are 
proportional to values which are relatively easily 
explained In terms of the electronic effects of the para-
substltuent. 
(vl) Comparisons were made In Chapter 9 of AS^ values for 
hindered phenol against AS^ values for their non-hindered 
analogs. The results suggested that the dominant substituent 
interaction mechanism, controlled by environmental effects, 
plays a more significant role in the ionisation of the 
hindered phenol series. 
(vii) Dual substituent parameter equations have been used 
to give some idea of the relative importance of the field/ 
inductive and resonance substituent effects. Results implied 
that both influences make important contributions to the 
overall substituent electronic effect. In the ionisation 
of the para-substituted reaction series both general types, 
of interaction mechanisms appear to have about equal 
significance, while for the ortho-substituted phenols the 
field/inductive effect is clearly the more important of 
the two influences. 
(viii) Ionisation reactions are expected to be dominated 
by environmental effects associated with the solvation of 
the charged species produced by the reaction process. The 
"ion-solvation" model suggests that following the ionisation 
process for ortho-substituted phenols the substituents may 
affect the size, the proximity, and the binding strength 
of the solvation sheath about the anion through their 
electronic and/or their steric effects. The ortho-substit-
uent's closeness to the phenoxide oxygen suggests possibil-
ities of: 
(A) strong field/inductive interactions which might 
(a) concentrate the negative charge and therefore the sol-
vation sheath due to the substituent's electron donating 
or repulsion tendencies, or. 
(b) disperse both the negative charge on the anion and the 
solvation sheath due to charge density withdrawal by the 
substituent. 
(B) steric Interference to and partial prevention of 
solvation of the charge on the anion by water molecules. 
This effect is the direct result of the physical size of 
the ortho-substituents and might be expected to be reason-
ably significant for bulky groups. 
Statistical analyses of free-energies and entropies 
of ionisation of ortho-substituted phenols using multiple 
substituent-parameter equations suggest that for these 
reactions the ortho-effect can be quite adequately, if not 
totally, explained in terms of electronic effects of the 
substituents. This is evidence in support of the same 
hypothesised dominant substituent interaction mechanism 
acting in both the ortho- and para-substituted phenols. 
This finding apparently contradicts another conclusion 
of this study, (summarised in points (ii) and (iii)) that 
even for relatively small groups such as methyl, chloro, or 
bromo, the steric effects of ortho-substituents do exist 
and indeed can make important contributions to thermodynamic 
quantities. Steric effects appear therefore to be rather 
more subtle compared with the overwhelming electronic 
effects of the ortho-substituents, and they are not acces-
ible to direct detection and measurement by the standard 
procedures apparently used to separate them from electronic 
effects. 
These conclusions tend to reinforce the direction taken 
in this study, namely, that Investigations of any influence 
or influences within the ortho-effect require the limitation 
of the number of contributions to the chemical reactivity 
index being used. 
It is not surprising that the task of detecting and 
measuring individual contributions to the overall ortho-
effect is indeed difficult and fraught with many problems 
since the effect is a compound one composed of a multi-
plicity of components. At best, direct investigations of 
the ortho-effects of substituents seem capable of revealing 
inform.ation about only the dominant contributing effects 
and they do not seem capable of shedding light on the more 
subtle influences. 
The way forward with this complex problem would seem 
to be through the use of a model akin to that developed 
by Hepler for m- and p-substituted reaction series. It is 
feasible that such a model would use differences between 
chemical reactivity indices of closely related compounds 
so that one or more contributions cancel leaving others 
open to investigation. Then for such a model to effectively 
provide a proper understanding of the structural effects 
on the ionisation of aromatic acids it is expected that 
careful assessment of all relevant thermodynamic quantities 
would be a necessity. Hence it is essential to have as 
large a body as possible of precise data of these quantities 
for a wide range of closely related compounds. 
If nothing else, it is hoped that this project has made 
a valuable step forward in adding precise information on 
some structurally informative compounds to such a body of 
data. 
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